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In  1997  the  Montana  Department  of  Transportation's  Bridge  Bureau  noticed  a  significant  increase  in  the 
amount  of  chloride  in  certain  bridge  decks  around  the  state.  The  Department  retained  the  consulting  firm  of 
Reid  Crowther  &  Partners  to  perform  a  study  of  the  cause  of  the  increase. 

This  report  is  a  result  of  that  study.  The  Department's  Maintenance  Division  has  concerns  about  the  validity  of 
the  study.  The  following  page  describes  those  concerns.  The  Department's  Engineering  Division  accepts  the 
results  of  the  study,  at  least  in  part  for  the  reasons  that  follow  immediately  after  the  Maintenance  Division 
concerns. 
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DISCLAIMER 
MDT's  Maintenance  Division,  does  not  agree  with  the  conclusions  drawn  by  this 

report. 

We  do  not  dispute  that  chlorides,  regardless  of  the  source,  are  not  good  for  bridge  decks. 
We  do,  however,  have  concerns  with  the  assumptions  made  and  conclusions  drawn  in  the 
Reid-Crowther  report. 

Points  of  Concern; 


■  Saltese,  milcposts  0  to  30.  is  the  top  of  Lookout  Pass  and  due  to  considerable 
climactic  differences,  receives  twice  the  precipitation  of  the  other  test  section.  Thus,  it 
is  subjected  to  chlorides  more  frequently  and  for  greater  periods  of  time  in  any  given 
year. 

■  Saltese  bridge  decks  receive  five  times  the  chloride  loading  than  the  other  test  section 
due  to  colder  conditions  and  heavier  precipitation. 

■  Saltese  uses  magnesium  chloride  at  the  approximate  average  rate  of  .61  lbs.  dry 
weight  per  square  yard  per  year.  In  addition,  sodium  chloride  is  applied  at  the 
approximate  average  rate  of  2.88  lbs.  per  square  yard  per  year  resulting  in  a  total  of 
3.49  lbs.  of  dry  weight  chlorides.  Superior,  the  other  part  of  the  test  section,  applies 
an  approximate  total  of  .67  lbs.  of  dry  weight  sodium  chloride  per  year.  Logically. 
Saltese  bridges  would  have  higher  chloride  levels  because  of  the  increased  loading. 

•     It  has  yet  to  be  determined  what  source  of  chloride  (sodium,  magnesium  or  calcium) 
is  the  most  detrimental  to  the  life  of  bridge  decks.  There  are  new  generations  of 
corrosion  inhibitors  for  chlorides  that  may  reduce  their  accumulation,  migration  and 
impact  on  concrete  and  steel  embedded  in  concrete. 

Concerns  for  MDT"s  infrastructure  has  justified  the  start  of  a  long-term  research 
project  to  find  answers  to  concerns  raised  by  this  report.  However,  new  generation 
concrete,  coatings  and  additives  must  play  a  partnership  role  in  the  prevention  of 
chloride  contamination  as  does  the  continued  search  for  low  impact  chemicals  used 
for  providing  safe  winter  highways. 

■  Finally,  the  conclusions  drawn  in  this  report,  are  erroneously  based  upon  the 
source  and  quantity  of  the  chloride  ions  being  attributed  solely  to  magnesium 
chloride  applications.  The  source  of  the  chloride  ions  can't  be  accurately 
determined  when  high  levels  of  sodium  chloride  applications  arc  contaminating 
the  sampling  results. 

For  more  detailed  information  feel  free  to  contact; 

D.  John  Dlacker,  Maintenance  Administrator  (406)  444-6158  or, 

Dan  Williams.  Maintenance  Review  (406)  444-7604 


Engineering  Division  Response 


The  Maintenance  and  Engineering  Divisions  differ  on  the  validity  of  this  study.  The  Maintenance  Division  points 
out  that  although  the  Saltese  and  Superior  Sections  of  Interstate  90  are  roughly  the  same  length,  the  Department 
plows  four  times  as  many  lane  miles  in  Saltese  as  in  Superior.  They  therefore  say  the  Saltese  Section  receives 
four  times  the  chloride-containing  chemicals.  Maintenance  adds  that  the  Saltese  Section  also  applies  four  times 
as  much  sodium  chloride  as  magnesium  chloride,  while  the  Superior  Section  saw  only  sodium  chloride.  The 
Maintenance  Division  assumes  that  this  report  must  be  inaccurate,  because 

•  with  four  times  as  much  chloride  applied,  of  course  the  Saltese  Section  would  display  higher  levels 
than  Superior 

•  with  four  times  the  sodium  chloride  as  magnesium  chloride,  the  study  cannot  possibly  identify  the 
higher  chloride  levels  as  the  result  of  magnesium  chloride. 

The  Engineering  Division  takes  the  position  that  although  reasonable,  the  points  above  do  not  apply  in  this 
situation. 


Chloride  contamination  levels  in  the  top  six  millimeters  of  the  decks  change  seasonally.  Chloride  levels  climb  in 
winter  with  deicer  application.  They  fall  as  summer  rains  flush  chlorides  from  the  concrete. 
Chloride  levels  below  that  zone  show  more  stability.   Since  the  effects  of  rain  do  not  reach  below 
there,  chlorides  accumulate.  Repeated  deicing  adds  chlorides  to  the  top.  They  gradually  diffuse 
through  the  concrete.  This  slow  diffusion  means  highest  chloride  levels  at  the  top  of  the  deck, 

decreasing  with  depth. 


Chloride 

Contamination 

Process 


-Concrete   Surface 


:W:-v-:<    Discard   Zone 


Scrnple  Zone 


All  concretes  contain  some  chloride.  This  chloride  comes 
from  aggregate,  cement,  mix  water,  or  concrete  admixtures. 
Reid-Crowther  called  this  "background"  chloride,  or  the 
chloride  level  before  the  effects  of  deicing  chemicals. 

Figure  1  shows  how  workers  took  samples.  Using  a  32  mm 
diameter  drill  bit,  they  drilled  and  discarded  the  first  6mm  of 
deck.  The  seasonal  fluctuation  of  chlorides 
in  that  zone  makes  measuring  them 
pointless.  The  workers  continued  collecting 


Sampling  and 

Testing 

Process 


Figure  1  ~  Test  Hole  Sample  and  Discard  Zones 


the  powdered  drilling  residue  from  the  other  sample  zones  in 
Figure  1.  The  bottom  sample  established  background 
chloride  level. 

The  workers  collected  400  samples.  Reid  Crowther  hired  a 
laboratory  to  test  each  of  them  and  record  its  chloride  level, 
then  performed  a  statistical  analysis  on  the  results.  Their 
statistical  analysis  showed  higher  levels  of  chloride  in 
samples  taken  in  driving  lane  wheel  paths  from  Saltese 
Section  bridges  than  in  ones  from  the  Superior  Section.  The 
difference  between  Sections  increased  with  sample  depth. 


If  the  additional  chloride  applied  to  Saltese  Section  bridges  entered  the  concrete,  we  would  expect  a  large 

difference  from  the  Superior  Section.  The  difference  would  be  greatest  near  the  deck  surface,  and 


Expected  \nou\6  decrease  with  depth  as  the  applied 

Research  chlorides  had  less  effect  and  the  chlorides 

_^_^ I   approached  the  background  level.  Figure 

2  shows  this  expected  relationship  between  the  chloride 

levels  of  the  two  Sections. 


The  test  results  indicate  the  opposite  relationship.  As 

Figure  3  shows,  the  deck  chloride  levels  in 
both  Sections  are  nearly  the  same  near  the 
surface.  However,  the  Saltese  chloride 
levels  increase  more  rapidly  as  the  depth 


Actual 

Research 

Results 


\ 


increases,  indicating  that  these  structures  have  a  higher 
diffusion  rate  than  that  of  the  Superior  structures.  (Note: 
Both  Figures  2  and  3  represent  chloride  levels  after 
subtracting  background  chloride.  They  show  only  effects 
of  applied  chlorides.) 

Figure  3  leads  to  one  conclusion.  The  amount  of  chloride 
entering  the  concrete  below  the  six-millimeter  zone 
remains  the  same  between  the  two  Sections,  regardless 
of  application  rate.  Only  part  of  the  chloride  penetrates 

the  deck. 
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Figure  2  -  Expected  Relative  Chloride  Levels 


Figure  3  -  Actual  Relative  Chloride  Levels 


The  concrete 

below  that 

zone  receives  chloride  only  from  above.  Since  the  peak  is  the  same 

in  both  Sections,  we  know  that  the  decks  in  both  start  at  the  same 

contamination. 

Diffusion  of  chlorides  through  concrete  depends  on  properties  of  the 
concrete  such  as  porosity  and  permeability  and  on  environment.  The 
two  Sections  share  common  concrete  properties  and  environment. 
We  don't  know  the  cause  for  the  common  peak  level  of  contamination, 
although  we  can  guess.  For  example,  the  greater  amount  of  snow 
and  ice  in  the  Saltese  Section  may  flush  away  excess  deicing 
chemical  when  it  melts.  Perhaps  summer  rains  flush  the  six- 
millimeter  zone,  so  excess  chloride  never  enters  the  deck. 

The  reason  for  this  relationship  will  have  to  wait  for  further  research. 
Regardless  of  the  cause,  we  know  the  concrete's  environment  is  the 
same  below  the  six-millimeter  zone  in  both  Sections.  The  only 
remaining  differences  are  the  use  of  magnesium  chloride  and  the 
associated  higher  chloride  level  in  one  Section  and  not  the  other. 
That  evidence  leads  the  Engineering  Division  to  accept  this  report's 
conclusion. 
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SECTION  1.0 


EXECUTIVE  SUMMARY 


SECTION  1  EXECUTIVE  SUMMARY 


Reid  Crowther  &  Partners  (RCPL)  was  retained  by  Montana  Department  of  Transportation 
(MDT)  to  conduct  a  study  on  the  potential  economic  impact  to  Montana  bridges  of  switching  to 
magnesium  chloride  based  from  sodium  chloride  based  chemicals.  This  study  focuses  on  half  of 
the  overall  picture  in  that  it  only  addresses  the  bridge  costs  resulting  from  magnesium  chloride 
use  and  does  not  address  the  benefits  of  anti-icing  practice. 

The  economic  impact  resulting  from  two  possible  pavement  management  scenarios  is  assessed: 

1 .  anti-icing  practice  limited  to  only  those  roads  currently  treated  with  magnesium  chloride. 

2.  anti-icing  with  magnesium  chloride  in  place  of  conventional  deicing  practice  on  most  of  the 
Montana  road  system. 

1.1        INTRODUCTION 

In  cold  regions  the  policy  of  maintaining  bare  skid-resistant  road  surfaces  in  winter  has 
important  public  benefits  in  the  form  of  reduced  traffic  accidents  and  increased 
productive  time  resulting  from  higher  safe  driving  speeds.  These  benefits  will  increase  in 
the  future  as  populations,  AADTs,  and  allowable  speed  limits  continually  increase. 

Magnesium  chloride  is  a  highly  effective  winter  roadway  anti-icer  that  has  been  coming 
into  increasingly  common  usage  in  recent  years.  MDT  has  been  evaluating  the 
effectiveness  of  magnesium  chloride  and  other  anti-icing  and  deicing  materials  on 
selected  roads  during  the  past  ten  years.  Properly  used,  this  liquid  applied  chemical  is 
more  effective,  especially  at  low  temperatures,  than  conventional  sodium  chloride  deicers 
in  preventing  formation  of  surface  ice  and  maintaining  the  skid  resistance  of  roads  and 
bridges.  A  side  effect,  however,  is  that  each  magnesium  chloride  molecule  contains  two 
chloride  atoms  instead  of  the  single  chloride  in  a  sodium  chloride  molecule.  Regardless 
of  source,  free  chlorides  diffuse  through  concrete,  destroy  the  natural  passivation  of 
concrete  for  reinforcing  steel,  and  initiate  a  deterioration  process  that  reduces  bridge  life. 
The  effect  is  most  significant  to  decks,  the  most  exposed  structural  bridge  component,  the 
roof  that  shelters  the  underlying  bridge  components. 
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1.2        BACKGROUND 

1.2.1  Deicing  versus  Anti-Icing 

Deicing  chemicals  are  important  in  maintaining  bare,  skid-resistant  pavements  and 
reducing  accidents  in  winter  conditions.  Maintaining  pavement  traction  becomes  even 
more  important  as  traffic  volume  and  allowable  speeds  increase,  such  as  on  the  Interstate 
road  system. 

Sodium  chloride  has  been  an  important  product  in  the  evolution  of  the  bare  pavement 
policy.  Sodium  chloride  or  rock  salt  is  a  classic  deicer,  which  attacks  icy  road  surfaces 
and  restores  traction  by  melting  the  ice.  The  ice-melting  abilities  and  costs  of  different 
chemicals  vary  considerably.  The  most  cost-effective  chemical  has  traditionally  been 
rock  salt,  sodium  chloride,  which  has  been  used  in  Montana  since  the  late  1970's. 

Recent  developments  in  technology  have  attempted  a  different  approach  to  prevent  the 
formation  of  roadway  ice  by  applying  anti-icing  treatments,  such  as  those  containing  the 
liquid  forms  of  calcium  or  magnesium  chloride. 

1.2.2  Product  Approval 

The  MDT  deicer/anti-icer  product  approval  tests  include  one  to  measure  the  corrosion  of 
exposed  steel  but  do  not  assess  potential  corrosion  of  steel  in  reinforced  concrete.  The 
electro-chemical  process  of  reinforcing  steel  corrosion  in  concrete  is  entirely  different 
than  the  corrosion  process  for  exposed  steel.  Similarly,  there  are  no  current  approval  tests 
to  measure  the  potential  concrete  problem  of  surface  scaling.  The  Strategic  Highway 
Research  Program  has  addressed  these  needs  in  publication  SHRP-H-332. 

1.2.3  Side  Effects  of  Chloride  Based  Chemicals 

The  various  side  effects  of  chloride-based  deicers  include  corrosion  of  exposed  steel,  such 
as  cars  and  light  poles,  as  well  as  depassivation  and  corrosion  of  embedded  steel  in 
structural  concrete.  In  a  similar  manner  to  sodium  chloride,  magnesium  chloride 
dissolves  in  water  solution  and  produces  chloride  ions,  except  with  magnesium  chloride 
there  are  twice  as  many  chloride  ions  per  molecule.  When  chloride  ions  are  absorbed  into 
porous  concrete  bridge  elements,  they  initiate  the  corrosion  of  embedded  steel,  leading  to 
progressive  loss  of  load  carrying  capacity,  and  expensive  remedial  actions.  Concrete's 
high  alkalinity  normally  protects  embedded  structural  steel  from  corrosion.  Free  chloride 
ions  destroy  the  natural  protection  and  initiate  steel  corrosion  and  concrete  deterioration, 
which  destroys  structural  load  carrying  capacity. 
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1.2.4     Concrete  Permeability  and  Chloride  Diffusion 

Normal  concrete  is  a  naturally  permeable  material.  The  permeability  results  from 
capillaries  or  connected  voids  that  are  left  by  the  evaporation  and  bleeding  of  the  extra 
mixing  water  that  is  needed  for  placing  workability  but  is  not  consumed  by  the  cement 
hydration  chemical  reaction.  Normal  concrete  readily  absorbs  water  and  other  deleterious 
chemicals  such  as  chloride  ions.  Chloride  ions  naturally  diffuse  in  a  direction  away  from 
high  chloride  concentrations  to  areas  of  lesser  concentration.  The  rate  of  chloride 
diffusion  is  expressed  mathematically  by  Fick's  Second  Law,  which  relates  the  driving 
force  of  diffusion  and  the  surface  chloride  concentration  to  other  diffusion  rate 
parameters,  such  as  time  and  the  concrete  diffusion  coefficient. 


1.3   OVERVIEW  OF  PROJECT  METHODOLOGY 

The  work  included  the  following  tasks: 

Background  investigation  and  literature  search 

Bridge  test  site  selection,  ten  bridges  exposed  for  ten  years  to  each  of  the  two  road 
treatment  chemicals,  sodium  chloride  and  magnesium  chloride 

Chloride  content  sampling  of  the  twenty  selected  bridges,  cover  depth  measurements 

Laboratory  testing  of  chloride  ion  content  (400  tests) 

Adjust  test  data  to  remove  background  chlorides  (chemically  combined  chlorides  not 
available  to  promote  corrosion) 

Find  and  remove  data  outliers  (1)  and  explore  data  for  trends 

Do  statistical  analysis  for  validation  of  hypotheses 

Analyze  magnesium  and  sodium  chloride  absorption  and  diffusion  rates  in  concrete 

Use  the  chloride  diffusion  results  to  assess  magnesium  chloride  impact  on  bridge 
service  life,  and  investigate  factors  such  as  bridge  age  and  cover  depth 

Categorize  the  Montana  bridge  inventory  according  to  expected  remaining  service  life 
with  conventional  deicing  practice 

Determine  the  future  annual  MDT  bridge  replacement  costs  with  conventional  deicing 
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•  Use  the  service  life  findings  to  analyze  the  long  term  economic  impact  of  magnesium 
chloride  on  Montana  bridges  in  two  scenarios: 

1.  if  magnesium  chloride  anti-icing  is  continued  only  on  roads  currently  being 
treated, 

2.  if  magnesium  chloride  were  to  be  used  on  the  portion  of  the  overall  Montana 
bridge  inventory  where  deicing  is  currently  considered  necessary, 

•  A  secondary  goal  was  to  use  chloride  test  data  to  quantify  the  effect  (success)  of  some 
existing  MDT  bridge  deck  repairs  on  deck  service  life 

1.4  BRIDGE  TEST  SITES 

The  methodology  of  this  project  involved  testing  appropriately  selected  bridges  in  the  real 
world  rather  than  ones  subjected  to  laboratory  test  conditions.  The  work  involved  taking 
samples  from  concrete  bridge  decks  that  had  been  primarily  exposed  to  either  magnesium 
anti-icers  or  sodium  chloride  deicers  for  relatively  long  periods  of  time.  Since  this  study 
involves  predicting  future  conditions  and  costs,  and  since  future  use  of  chemical 
treatment  will  increase,  a  heavily  treated  section  of  road  was  selected  for  testing. 

A  61.8-mile  portion  of  divided  Interstate  90  west  of  Missoula  contained  a  large  number  of 
bridges  and  half  the  road  had  been  exposed  to  magnesium  chloride  anti-icing  while  the 
other  half  to  conventional  deicing  practice.  The  bridges  were  constructed  between  1960 
and  1 984  of  reasonably  similar  structural  designs,  construction  standards  and  concrete 
materials.  The  volumes  of  traffic  along  this  stretch  of  Interstate  90  were  relatively 
constant  and  other  site  conditions  reasonably  similar.  The  final  selection  of  twenty  bridge 
deck  test  sites  was  done  by  the  testing  crew  in  the  field  on  the  basis  of  site  conditions 
related  to  public  and  worker  safety,  clear  sight  distance  and  acceptable  deck  width. 

1 .5  SAMPLING  AND  TESTING 
1.5.1     Field  Concrete  Sampling 

The  field-sampling  involved  taking  twenty  powdered  concrete  samples  from  three  depths 
and  forty  to  sixty  top  mat  reinforcement  cover  depth  measurements  at  each  site.  All 
chloride  samples  were  taken  at  representative,  typical,  non-cracked  deck  locations  using  a 
template  for  guidance.  Half  the  samples  were  taken  on  the  right  lane  right  wheel  path  and 
the  other  half  on  the  right  shoulder.  One  test  sample  was  taken  at  each  bridge  for 
determining  the  background  concrete  chloride  level.  Twelve  two-inch  diameter  cores 
were  taken  at  two  of  the  magnesium  chloride  test  sites. 
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1.5.2     Laboratory  Testing 

The  laboratory  testing  involved  measuring  the  twenty  chloride  contents  for  each  bridge 
deck.  A  total  of  400  test  samples  were  tested.  The  test  method  AASHTO  T-260.  an  acid 
soluble  method,  was  used.  A  testing  laboratory  with  well  qualified  and  experience  staff 
performed  the  laboratory  test  portion  of  the  work. 

1.6  DATA  REFINEMENT 

1.6.1  Remove  Background  Chloride  Levels 

One  chloride  content  at  each  site  was  taken  at  the  4  in.  (102  mm)  depth  for  a  background 
chloride  reading,  to  be  subtracted  from  all  test  data  on  that  bridge.  Free  chlorides  were 
found  at  that  level  so  calculations  were  done  to  determine  the  actual  background  levels, 
which  were  found  to  average  0.27  lb/yd  (0.16  kg/m  )  for  the  twenty  bridges. 

1.6.2  Remove  Outliers 

Outliers  are  data  points  that  are  so  far  outside  of  the  normal  trends  that  they  are  identified 
as  being  erroneous.  The  error  could  result  from  many  causes  in  the  field  or  laboratory 
portions  of  the  work.  Outliers  are  removed  prior  to  analysis  to  improve  accuracy.  One 
outlier  was  found  out  of  the  400  data  points. 

1.7  DATA  ANALYSIS 

This  stage  involved  rigorous  data  analysis  for  findings. 

1.7.1     Statistical  Analysis  and  Hypothesis  Testing 

Standard  statistical  analysis  procedures  were  used  to  determine  the  adequacy  of  the  data 
and  validate  hypotheses.  The  data  was  analyzed  for  trends  and  findings.  Questions  were 
formulated  on  the  effects  of  the  type  of  deicer  on  the  chloride  diffusion  rate  parameters  of 
surface  concentration  and  diffusion  coefficient. 

The  chloride  content  in  the  wheel  paths  was  much  higher  at  all  depths  than  the  non-wheel 
paths.  Significantly  higher  chloride  contents  were  found  at  lower  concrete  depths  on  the 
bridges  exposed  to  magnesium  chloride.  The  diffusion  coefficient  for  concrete  exposed 
to  magnesium  chloride  was  significantly  higher  than  for  the  sodium  chloride  only  sites. 

7.2.1     Findings 

Among  others,  the  data  analysis  showed  the  following: 
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For  all  six  sub-groups  of  test  data  the  magnesium  chloride  bridges  had  higher  chloride 
concentrations,  but  the  difference  was  not  statistically  significant  is  some  cases. 

There  was  a  significant  difference  between  the  wheel  path  and  non-wheel  path 
chloride  contents. 

Wheel  path  data  averaged  243%  higher  than  non-wheel  path  chloride  data,  regardless 
of  whether  magnesium  or  sodium  chloride  had  been  used. 

At  the  1.5  in.  (37.5mm)  depth  the  chloride  contents  in  the  wheel  paths  on  magnesium 
chloride-treated  bridges  were  78%  higher  than  the  control  sodium  chloride  bridges. 

•  At  2.25  in.  (56.3  mm)  depth  the  chloride  contents  in  the  wheel  paths  on  magnesium 
chloride-treated  bridges  averaged  1 85%  higher  those  measured  on  the  control  sodium 
chloride  bridges  with  a  range  from  48%  to  321%  higher. 

In  order  to  investigate  the  observed  trend  of  increased  rate  of  diffusion  of  magnesium 
chlorides,  diffusion  analysis  was  used  to  calculate  diffusion  coefficients  for  all  twenty 
sites.  Diffusion  coefficients  were  calculated  in  several  different  manners  using  the  two 
upper  data  points  at  each  test  location,  using  the  top  and  bottom  data  points,  and  by 
averaging  the  two  coefficients  thus  determined. 

•  The  calculated  chloride  diffusion  coefficients  in  the  wheel  paths  on  bridges  exposed 
to  magnesium  chloride  anti-icer  from  1989  to  1998  averaged  120%  (0.048  in.  /year) 
higher  than  on  bridges  exposed  to  sodium  chloride  deicers  from  1989  to  1998. 

•  The  range  in  the  difference  was  between  60%  to  180%  higher  for  bridge  decks 
exposed  to  magnesium  chloride  anti-icer. 

The  measured  and  calculated  diffusion  parameters  were  used  to  determine  the  effect  of 
magnesium  chloride  on  the  time  to  initiation  of  corrosion. 

•  The  time  to  corrosion  was  found  to  average  eleven  years  sooner  for  the  magnesium 
chloride  test  sites  than  the  control  sites. 

•  The  time  to  corrosion  difference  is  greater  when  the  cover  depth  difference  is  greater. 

1.8        EFFECTIVENESS  OF  PREVIOUS  MONTANA  BRIDGE  DECK  REPAIRS 

The  general  effectiveness  of  epoxy  overlays  and  concrete  deck  overlays  was  reviewed  by 
analyzing  the  chloride  profiles  of  repairs  done  in  1993  to  three  bridges  in  the  magnesium 
chloride  portion  of  Interstate  90.    Properly  applied  polymer  overlays  applied  at  the  right 
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time  usually  add  about  fifteen  years  service  life  to  bridge  decks,  while  properly  applied 
concrete  overlays  when  applied  at  the  right  time  usually  add  about  thirty  or  more  years  to 
expected  service  life. 

1.9  DISCUSSION  OF  SERVICE  LIFE  IMPACT  FROM  MAGNESIUM  CHLORIDE 

The  condition  of  the  wheel  path  area  is  critical  to  the  service  lives  of  bridges.  The  high 
wheel-path  chloride  content  will  reduce  the  service  lives  of  bridges,  since  future  wheel 
path  damage  cannot  be  ignored  while  damage  to  non-travel  areas  can  often  be  ignored. 
The  effect  of  magnesium  chloride  on  typical  bridge  service  lives  was  calculated  using 
chloride  diffusion  analysis  to  compare  the  different  times  to  corrosion  in  the  resulting 
service  life  between  application  of  magnesium  chloride  and  sodium  chloride  deicers.  The 
expected  service  lives  of  the  two  deicing  scenarios  were  determined  based  on  their 
respective  times  to  corrosion  for  typical  Montana  decks.  The  reductions  in  service  life 
are  related  to  rebar  cover  depths  and  will  vary  from  bridge  to  bridge.  Overall,  the  impact 
on  remaining  bridge  service  life  will  be  a  reduction  of  20  to  30%. 

1.10  CONVENTIONAL  DEICING  CONTROL  COST  SCENARIO 

The  first  step  in  finding  the  economic  impact  of  magnesium  chloride  on  bridges  was  to 
find  the  baseline  bridge  replacement  costs  of  the  reference  scenario  with  conventional 
deicing.  The  normal  service  lives  of  bridges  vary,  depending  on  site  conditions.  The 
total  bridge  inventory  was  subdivided  into  three  service  life  groups  by  the  expected  life 
under  exposure  to  conventional  chloride  based  deicers: 

1 .  Heavily  treated  bridges,  generally  on  the  Interstate  system,  estimated  to  have  average 
service  lives  of  fifty  years,  ranging  from  35  to  65,  due  to  their  high  AADTs  and 
allowable  speeds,  heavy  truck  traffic  and  deicer  application. 

2.  Moderately  treated  non-Interstate  bridges  with  traffic  counts  greater  than  500  per  day, 
estimated  to  average  65  years  service  life  with  a  typical  range  from  45  to  85  years. 

3.  Non-treated  bridges.  Bridges  with  traffic  counts  less  than  500  per  day  were  estimated 
to  average  eighty  years  life  and  will  never  be  exposed  to  deicers. 

1.10.1   Future  Bridge  Replacements,  Numbers,  and  Costs 

The  Montana  bridge  inventory  database  was  used  to  determine  the  year  of  future 
replacement  for  all  4698  bridges  based  on  their  year  of  construction  and  the  exposure 
category  and  life  shown  above.     The  number  of  bridge  replacements  per  year  under 
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conventional  deicing  was  found  and  plotted.  Using  average  unit  cost  data  from  MDT  the 
replacement  value  of  the  total  inventory  was  found  to  be  $1,850M. 

Most  of  the  S710M  investment  in  Category  1  bridges  occurred  between  1960  and  1980. 
With  expected  service  lives  of  about  fifty  years,  the  oldest  bridges  of  this  group  will  begin 
needing  replacement  in  about  ten  years.  Replacement  costs  for  this  significant  group  of 
bridges  will  be  quite  high  for  the  period  of  2010  to  2030,  regardless  of  whether 
magnesium  chloride  is  used  to  increase  the  deterioration  and  replacement  rates. 

A  large  group  of  Montana  bridges  will  never  be  deiced.  The  future  costs  of  this  group  are 
not  affected  by  bare  pavement  strategies  and  are  not  reflected  in  the  cost  analysis. 

Using  the  replacement  cost  and  year  of  each  bridge,  the  total  annual  bridge  replacement 
needs  of  future  years  was  found  for  the  control  scenario  of  conventional  deicing.  Life 
cycle  cost  analysis  was  used  to  compare  average  costs  over  different  time  periods  from 
twenty  to  sixty  years  into  the  future.  Future  bridge  replacement  costs  are  reported  in  two 
ways: 


• 


In  today's  dollars  with  current  replacement  unit  costs  and  converting  future  costs  to 
current  dollars  with  a  4%  value  of  money 

In  future  dollars,  neglecting  the  annual  4%  loss  in  value  of  money  and  adding  2%  to 
include  increased  future  environmental,  worker  safety,  and  construction  standards. 


1.11      FINDING  THE  ECONOMIC  IMPACT  OF  MAGNESIUM  CHLORIDE 

The  economic  impact  from  two  possible  pavement  management  scenarios  was  assessed: 

•     anti-icing  practice  limited  to  only  those  roads  currently  treated  with  magnesium 
chloride, 


• 


anti-icing  with  magnesium  chloride  in  place  of  conventional  deicing  practice  on  most 
of  the  Montana  road  system. 

1.11.1   Limited  Magnesium  Chloride  Use 

At  present  MDT  is  only  using  magnesium  chloride  on  a  limited  number  of  roads.  The 
economic  impact  of  switching  from  conventional  deicing  to  limited  use  of  magnesium 
chloride  anti-icing  was  found  by: 

•  identifying  the  bridges  currently  treated  with  magnesium  chloride 

•  repeating  the  process  described  in  section  10  using  revised  bridge  service  lives 
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The  results  are  graphically  expressed  in  numbers  and  costs  of  bridges  replaced  in  future. 
The  results  are  compared  with  the  control  scenario  of  conventional  deicing,  and  the 
increased  future  bridge  replacement  costs  resulting  from  use  of  magnesium  chloride  are 
expressed  in  current  and  future  dollars. 

1.11.2  Complete  Switch  to  Magnesium  Chloride 

The  second  pavement  management  scenario  is  complete  switch  from  conventional 
deicing  to  magnesium  chloride  anti-icing.  The  long-term  bridge  costs  were  found.  The 
increase  in  costs  from  this  scenario  compared  to  the  control  scenario  represents  the 
economic  impact.  The  results  are  graphically  expressed  in  numbers  and  costs  of  future 
bridge  replacements.  The  results  were  compared  with  the  control  scenario  of 
conventional  deicing  and  are  expressed  in  both  current  and  future  dollars. 

1.12      ECONOMIC  IMPACT  CONCLUSIONS 

The  economic  impact  on  magnesium  chloride  use  on  Montana  bridges  will  vary  due  to 
factors  such  as  analysis  period,  numbers  of  bridges  treated,  amounts  of  anti-icer  needed, 
site  conditions,  future  cost  of  money,  and  effect  on  individual  bridge  service  lives.  The 
latter  factor  varies  with  individual  bridge  age,  cover  depth,  and  relative  amounts  of 
chemical  being  applied,  which  is  something  that  will  change  over  time.  Sensitivity 
analysis  was  done  with  different  future  time  periods  and  typical  average  conditions. 

1.12.1  Limited  Magnesium  Chloride  Use 

Conservative  estimates  of  the  economic  impact  from  continuing  limited  magnesium 
chloride  use  at  bridge  sites  are  based  on  20%  reduction  in  service  life.  They  result  in: 

•  An  average  annual  increase  of  $2.2M  in  current  dollars  over  the  next  20  years 

•  a  total  increase  of  $33M  in  inflated  future  dollars  over  the  next  20  years, 

1.1.2.2  Complete  Switch  to  Magnesium  Chloride 

Conservative  estimates  of  the  economic  impact  from  complete  switch  to  magnesium 
chloride  use  at  bridge  sites  are  based  on  20%  reduction  in  service  life.  They  result  in: 

•  Average  annual  increase  of  $  1 0.9M  in  today's  dollars  over  next  20  years 

•  a  total  increased  cost  of  $270M  in  inflated  future  dollars  over  the  next  20  years, 
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2.1  INTRODUCTION  AND  BACKGROUND 

Montana  Department  of  Transportation  (MDT)  has  used  road  surface  deicers  for  winter 
maintenance  for  over  twenty  years.  During  the  past  ten  years  new  materials,  including 
some  anti-icing  materials  containing  magnesium  chloride,  are  being  marketed  and  may  be 
more  effective  than  the  traditional  sodium  chloride  deicers.  Anti-icing  involves  treatment 
of  road  surfaces  prior  to  snowfall,  whereas  deicing  involves  treatment  after.  MDT  has  a 
product  approval  system  in  place  to  evaluate  proposed  anti-icing  and  deicing  products  on 
the  basis  of  environmental  and  corrosion  performance  tests.  The  corrosion  test  applies  to 
exposed  steel  and  does  not  address  corrosion  in  reinforced  concrete,  where  chloride  ions 
depassivate  the  steel.  Chloride-based  deicers  are  potentially  destructive  to  concrete 
bridges.  This  study  involves  the  field  testing  of  twenty  bridges,  ten  exposed  to  sodium 
chloride  deicer  and  another  ten  exposed  to  magnesium  chloride  anti-icers  during  the  past 
ten  years.  The  purpose  of  the  work  was  to  investigate  the  longterm  economic 
implications  on  the  bridge  infrastructure  of  using  magnesium  chloride-based  anti-icer  in 
place  of  conventional  deicers. 

2.2  SCOPE  OF  WORK 

In  September  of  1998,  Reid  Crowther  &  Partners  Ltd.  (RCPL)  submitted  an  unsolicited 
proposal  to  MDT  to  assess  the  economic  impact  of  using  magnesium  chloride  deicers  on 
the  MDT  bridge  infrastructure,  currently  valued  at  about  $1,850,000,000.  The  proposal 
allowed  some  flexibility  for  RCPL  to  refine  the  scope  of  work  during  the  course  of  the 
project.  Eventually,  the  scope  of  work  included  the  following  tasks: 

1 .  Review  the  state  of  the  art  of  chloride  ion  diffusion  through  concrete, 

2.  Investigate  MDTs  practices  and  history  on  use  of  magnesium  chloride  anti-icers, 
identify  areas  where  magnesium  chloride  is  being  used, 


j. 


Work  with  MDT  in  the  selection  of  appropriate  bridges  sites  for  comparing  the 
corrosion  effects  of  magnesium  chloride  anti-icers  versus  sodium  chloride  deicers, 


*»' 


Develop  sampling  procedures  to  collect  appropriate  and  representative  test  data  at 
various  depths. 
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5.  Provide  qualified  traffic  control,  personnel  and  equipment  for  taking  test  samples 
at  the  twenty  sites, 

6.  Select  and  oversee  a  qualified  testing  laboratory  to  conduct  chloride  content  tests 
using  the  AASHTO  T260-84  test  method, 

7.  Perform  statistical  analysis  on  the  chloride  test  data  to  validate  its  reliability, 

8.  Analyze  the  data  for  possible  differences  in  the  chloride  ion  absorption  and 
diffusion  rates  of  bridges  treated  with  the  two  deicing  materials, 

9.  Use  the  differences  in  chloride  diffusion  rate  to  determine  the  differences  in  the 
time  to  corrosion  of  typical  MDT  reinforced  concrete  bridge  components  for  the 
two  materials, 

10.  Quantify  the  differences  of  the  two  materials  on  the  service  lives  of  typical 
Montana  bridges, 

1 1 .  Assess  the  differences  resulting  from  the  use  of  magnesium  chloride  on  typical 
Montana  bridge  long  term  rehabilitation  and  replacement  costs, 

12.  Extrapolate  the  long  term  cost  differences  to  two  scenarios,  first  considering  only 
the  Montana  bridges  currently  being  treated  with  magnesium  chloride  anti-icers, 
and  secondly  considering  the  theoretical  costs  if  all  heavily  travelled  roads  in  the 
state  were  treated  thusly, 

13.  Report  the  findings  and  recommendations. 
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The  project  goal  was  to  quantify  the  potential  long-term  costs  to  Montana  bridges  related  to 
possible  switching  from  conventional  deicing  practice  to  magnesium  chloride  anti-icing.  Two 
possible  pavement/bridge  management  scenarios  were  analyzed: 

1 .  If  current  practice  of  doing  magnesium  chloride-based  anti-icing  on  a  small  portion  of  the 
bridge  system  is  continued. 

2.  If  conventional  practice  is  replaced  with  magnesium  chloride  anti-icing  policy  is  extended  to 
the  entire  road  system  likely  to  require  such  treatment  in  the  future. 

The  two  management  scenarios  were  compared  economically,  based  on  future  bridge 
replacement  costs,  with  the  baseline  scenario  of  only  using  conventional  deicing  with  sodium 
chloride  based  products. 

3.1        OVERVIEW  OF  PROJECT  METHODOLOGY 

The  project  methodology  can  be  summarized  in  the  following  steps: 

•  Review  the  state  of  the  art  on  chloride  diffusion. 

•  Select  two  similar  groups  of  bridges,  one  subjected  to  conventional  deicing  practice 
and  the  second  subjected  to  anti-icing  practice  with  magnesium  chloride  products. 

•  Accurately  collect  chloride  content  test  data  from  the  two  groups  of  bridges  on  1-90. 

•  Establish  the  baseline  chloride  parameters  for  typical  conventionally  deiced  bridges. 

•  Use  field  test  data  to  compare  the  effect  of  magnesium  chloride  versus  sodium 
chloride  on  diffusion  parameters  of  surface  chloride  content  and  diffusion  coefficient. 

•  Use  statistical  analysis  methods  to  confirm  the  adequacy  of  the  data  for  use  in  further 
calculations. 

•  Use  chloride  diffusion  analysis  to  find  the  compare  the  effect  of  magnesium  chloride 
versus  sodium  chloride  on  remaining  bridge  service  lives. 
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•  Analyze  the  ages  and  replacement  values  of  Montana  bridges  if  current  deicing  policy 
is  continued.  Categorize  the  expected  bridge  service  lives  by  their  chloride  exposure 
conditions,  recognizing  that  some  bridges  will  never  be  exposed  to  de-icing. 

•  Considering  the  ages  of  the  individual  bridges  and  their  general  chloride  exposure 
conditions,  predict  the  future  replacement  years  for  each  bridge  in  the  system. 

•  From  the  estimated  bridge  replacement  years  find  the  baseline  annual  bridge 
management  costs  for  Montana  bridges  if  exposed  to  conventional  deicers.  These 
costs  will  be  related  to  both  replacement  and  rehabilitation/repair  activities. 

•  Adjust  the  future  bridge  replacement  years  to  include  the  corrosion  effects  of 
magnesium  chloride  and  re-calculate  the  bridge  system  long-term  management  costs. 

•  Consider  the  time  effect  on  the  value  of  money.  Use  life  cycle  cost  analysis  to 
analyze  and  sum  the  long-term  annual  bridge  replacement  costs  of  conventional 
deicing  versus  magnesium  chloride  anti-icing  in  two  scenarios;  current  practice  of 
treating  only  certain  roads  with  magnesium  chloride  and  theoretical  treatment  of 
entire  bridge  system.  The  annual  economic  impact  is  the  difference  between  the  life 
cycle  costs  for  conventional  deicing  versus  magnesium  chloride  deicing. 

3.2        PROJECT  DESIGN  CONSIDERATIONS 

Conventional  deicing  practice  has  been  evolving  in  Montana  for  over  twenty  years  and  is 
expected  to  continue  to  change  in  the  future.  MDT  data  on  the  amounts  of  ice-treating 
chemicals  used  in  the  past  ten  years  show  a  continuous  upward  trend,  and  this  trend  is 
similar  to  that  reported  by  other  bridge  jurisdictions.  This  trend  is  related  to  some  other 
general  trends,  which  include: 

•  Increases  in  highway  AADTs, 

•  Increases  in  the  level  of  service  demanded  by  the  traveling  public, 

•  Increases  in  speed  limits. 

This  study  is  complicated  by  the  fact  that  it  analyzes  future  conditions  that  are  not  entirely 
known.  The  study  compares  the  long-term  economic  consequences  of  continuing  with  an 
evolving  conventional  deicing  practice  versus  switching  to  a  new  and  possibly  more  cost- 
efficient  policy  of  anti-icing.  To  some  extent  the  work  requires  shooting  at  a  moving 
target,  since  both  practices  may  become  more  efficient  in  the  future. 
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3.2.1     Real  World  versus  Laboratory  Studies 

Both  field  and  laboratory  studies  have  advantages  and  disadvantages.  Pure  laboratory 
studies  control  most  of  the  performance  variables,  but  they  often  create  artificial 
conditions  that  accelerate  the  aging  process  in  order  to  more  quickly  reach  conclusions. 
Real  world  studies  may  be  done  in  natural  conditions  with  longer  time  frames,  but  with 
the  lack  of  control  of  many  variables.  This  project  did  not  involve  laboratory  research, 
where  all  but  one  performance  influencing  variable  was  controlled  prior  to  and  during  the 
data  collection  period.  The  project  is  based  on  the  findings  of  real  bridges  exposed  for 
long  periods  of  time  to  real  world  conditions.  For  better  accuracy,  field  studies  should 
involve  a  sufficient  amount  of  data  to  offset  the  variability  caused  by  a  higher  number  of 
uncontrolled  variables. 

3.2.1.1  Advantages  of  Real  World  Bridge  Studies 

The  general  advantages  of  doing  this  study  with  real  bridge  test  data  are  several.  First, 
although  the  actual  amounts  of  deicing  chemicals  applied  were  unknown,  the  work 
involved  ten  years  of  exposure  time  to  a  variety  of  climatic  conditions  with  some  winters 
being  harsher  than  others.  Over  the  ten-year  period  the  variations  in  application  rate  due 
to  climate  even  out.  Another  advantage  of  field-testing  is  that  it  involves  bridges  exposed 
to  real  conditions  as  opposed  to  unrealistic  laboratory  conditions  intended  to  control 
certain  variables.  The  deicer  application  was  done  by  real  people  using  real  equipment 
and  practices,  rather  than  laboratory  simulations.  The  concrete  used  in  this  study  was 
mature  real  world  concrete,  rather  than  green  laboratory  concrete.  The  concrete  tested  in 
this  study  should  be  similar  to  what  exists  in  the  Montana  bridge  system  if  magnesium 
chloride  deicer  will  now  be  regularly  applied. 

3.2.1.2  Reducing  the  Site  Variables 

Proper  site  selection  can  reduce  the  number  of  performance  influencing  variables.  The 
site  selection  process  of  this  project  attempted  to  reduce  the  number  of  uncontrolled 
variables  influencing  chloride  ingress  by  the  conscious  selection  of  bridges  where  many 
of  the  variables  were  similar.  This  practice  was  done  partly  by  identifying  highway 
sections  where  the  bridges  had  been  deiced  using  consistent  equipment  and  practices. 
Another  consideration  was  the  selection  of  test  bridges  on  Interstate  sections  where  the 
bridges  had  generally  been  constructed  in  the  same  time  period,  using  similar  standards  of 
construction,  and  similar  concrete  materials  with  similar  durability  properties. 

MDT's  staff  is  subdivided  into  districts,  where  the  maintenance  policies  are  generally 
consistent  as  long  as  the  responsible  staff  does  not  change.  Various  members  of  MDT's 
staff  provided  input  to  RCPL's  understanding  of  deicing  practices. 
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3.2.2     Test  Site  Selection  Process 

A  group  of  test  sites  with  a  known  history  of  deicing  materials  and  practices  was  desired. 
Necessary  information  included  the  approximate  year  when  deicing  was  begun,  since 
time  is  a  major  factor  in  calculations  with  Fick's  Second  Law  of  Diffusion. 

3.2.2.1  Initial  Approach  to  Test  Site  Selection 

The  methodology  of  the  project  required  testing  bridges  that  had  been  primarily  exposed 
to  either  magnesium  or  sodium  chloride  deicers  for  relatively  long  periods  of  time. 
Sodium  chloride  test  sites  were  relatively  easy  to  find,  having  been  used  for  a  longer 
period,  since  the  late  1970's.  Magnesium  chloride  was  introduced  in  certain  areas  in  the 
late  1980's  and  therefore  test  sites  were  more  limited.  It  was  considered  important  to 
identify  sites  where  there  was  reasonable  knowledge  of  the  history  of  which  products 
were  used.  It  was  equally  important  to  eliminate  the  effects  of  as  many  other  test 
variables  as  possible. 

One  approach  would  have  been  to  test  recently  replaced  decks  or  recently  constructed 
overlays.  An  investigation  of  the  locations  of  recent  overlays  and  deck  replacements 
showed  that  there  were  few  such  sites  suitable  for  the  test  program  due  to  the  following 
reasons: 

•  There  was  a  general  lack  of  reliable  information  on  the  deicing  history  of  individual 
bridges, 

•  While  bridge  deck  concrete  overlays  were  newer  and  more  likely  to  have  known 
deicing  histories,  most  prospective  overlay  sites  were  too  new  to  have  absorbed 
sufficient  chlorides  for  accurate  calculation  of  diffusion  parameters, 

•  Due  to  the  relative  newness  of  magnesium  chloride  usage,  very  few  bridge  decks  had 
been  exposed  to  magnesium  chloride  for  long  periods. 

•  Excessive  differences  in  the  site  exposure  conditions  and  other  test  variables 
associated  with  chloride  diffusion  and  deicing  practices, 

•  Significant  differences  in  design  and  construction  standards. 

3.2.2.2  Test  Site  Selection  Criteria 

As  deicing  practice  has  evolved  in  Montana,  some  roads  have  much  longer  histories  of 
conventional  deicing  than  others.  Future  use  will  likely  continue  to  increase.  In  order  to 
predict  the  future  chloride  exposure  conditions  of  many  bridges  that  are  not  currently 
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being  deiced,  it  was  necessary  to  measure  the  chloride  ingress  parameters  of  bridges  with 
a  known  history  of  chloride  exposure. 

The  final  site  selection  included  the  following  criteria,  among  others: 

•  traffic  safety,  one  way  bridges  with  good  clear  sight  distance  preferred, 

•  representative  or  typical  nature  of  the  bridges,  their  design  and  condition, 

•  length  of  time  exposed  to  magnesium  chloride, 

The  test  site  selection  process  involved  finding  a  group  of  similar  bridges  exposed  to 
similar  weather  and  traffic  conditions  where  magnesium  chloride  had  been  used  for  a 
long  time  and  then  to  compare  test  data  with  that  from  another  group  of  similar  bridges 
exposed  only  to  conventional  deicers.  Such  a  group  existed  near  Missoula. 

A  60-mile  portion  of  Interstate  90  west  of  Missoula  was  identified  for  possible  use.  Half 
of  this  section  of  road,  about  30  miles,  was  in  the  Saltese  District  and  had  experienced 
magnesium  chloride  deicer  for  the  past  ten  years.  The  other  30-mile  section  in  the 
Superior  District  had  primarily  been  exposed  to  sodium  chloride  deicer.  The  bridges  had 
been  constructed  during  the  period  of  1960  to  1984  of  reasonably  similar  construction 
standards  and  materials.  The  bridges  were  between  five  and  30  years  old  when  they  were 
first  exposed  to  magnesium  chloride.  Both  the  magnesium  chloride  and  conventionally 
deiced  section  of  road  had  the  same  composition  of  older  versus  newer  bridges.  The 
traffic  volumes  and  other  site  conditions  influencing  the  amounts  of  deicers  used  were 
similar  for  both  sections.  Being  in  the  same  geographic  area,  the  overall  weather 
conditions  during  the  ten-year  period  were  reasonably  the  same.  By  involving  a  group  of 
data  from  ten  bridges  exposed  to  each  of  the  two  deicers,  the  individual  differences  in 
concrete  permeability,  amount  of  deicer  applied,  tendency  for  differential  surface  icing, 
and  other  variables  would  balance  out.  Prior  to  final  selection  the  entire  group  of 
potential  test  sites  was  inspected  to  eliminate  from  testing  any  of  the  less  than  desirable 
candidates. 

Several  repaired  sites  were  also  included  in  the  test  group.  Two  bridges  that  had  received 
thin  polymer  overlays  in  1 993  were  tested,  as  well  as  one  bridge  that  had  been  repaired 
with  a  latex  modified  concrete  overlay  in  1993.  The  purpose  of  including  these  sites  was 
to  assess  the  performance  of  the  repairs  in  extending  the  service  life  of  the  decks. 
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3.3        TEST  METHODS 

The  work  of  this  study  required  that  accurate  sampling  and  testing  procedures  be  used. 
Considerable  care  was  taken  to  ensure  that  qualified  staff  was  involved  in  both  the  site 
sampling  and  laboratory  testing  stages  of  the  work.  The  state  of  the  art  of  chloride  testing 
was  first  reviewed  to  ensure  that  proper  procedures  were  used  for  both  field  and 
laboratory  testing.  Various  experts  were  consulted  to  discuss  proposed  test  procedures. 

3.3.1     Field  Sampling 

3.3.1.1  Safety 

Traffic  safety  during  field  testing  was  a  primary  concern.  The  field  sampling  involved 
first  establishing  safe  conditions.  All  test  sites  involved  similar  one-way  traffic 
conditions  for  consistency  of  traffic  control  methods.  Qualified  personnel  inspected  the 
sixty-mile  highway  section  several  weeks  prior  to  beginning  testing.  Safety  items,  such 
as  clear  sight  distance  from  nearest  curve  to  the  bridge,  were  recorded  for  consideration 
prior  to  finalizing  the  actual  test  sites.  Bridges  with  the  greatest  clear  sight  approach 
distances  were  preferred.  Traffic  was  diverted  into  the  left  lanes  and  testing  was  confined 
to  the  right  sides  of  the  decks.  An  approved  local  Missoula  contractor  supplied  traffic 
control  during  the  work.  Due  to  the  field  testing  methodology,  no  significant  traffic 
disruption  was  experienced  during  the  work. 

3.3.1.2  Test  Locations 

Traffic  was  directed  onto  the  left  lane  to  allow  working  on  the  right  wheel  path  and  right 
shoulder  of  the  decks.  The  decks  were  first  chain  dragged  to  identify  possible 
delaminated  areas,  and  sound,  representative  areas  were  selected  for  testing  with 
avoidance  of  the  following: 

•  surface  cracks, 

•  delaminations, 

•  surface  scaling, 

•  other  types  of  visible  damage. 

Cover  depths  were  measured  using  an  accurate  pachometer  at  forty  to  sixty  locations  on 
each  bridge,  depending  on  the  size  of  the  bridge.  The  accuracy  of  the  pachometer  was 
determined  to  be  within  1/8  inch  (3  mm)  from  comparison  with  measurements  of  core 
samples  from  non-Montana  bridges. 
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A  template  approach  was  used  to  determine  the  approximate  individual  test  locations. 
The  actual  test  locations  were  then  adjusted  at  the  site  to  avoid  cracks,  surface  popouts,  or 
other  defects  that  would  affect  chloride  diffusion  rates. 

3.3.1.3  Sampling  in  Wheel  Path  versus  Non-Wheel  Path  Locations 

Since  Montana  roads  are  subjected  to  studded  snow  tires,  and  the  effect  on  chloride 
absorption  was  unknown,  data  was  taken  in  both  wheel  path  and  non-wheel  path  areas. 
The  test  location  template  required  half  the  samples  to  be  taken  from  the  right  wheel  path 
and  the  other  half  from  the  right  shoulder  area  outside  the  wheel  path. 

3.3.1.4  Sampling  Procedures 

Four  hundred  powder  concrete  samples  were  extracted  from  the  twenty  bridge  test  sites. 
A  1/4  in  (31 -mm)  diameter  drill  bit  was  used  to  pulverize  samples  for  extraction.  The 
sample  depths  are  measured  within  an  accuracy  of  1/8  in  (3  mm).  The  extraction  work 
was  done  by  experienced  personnel  using  care  to  prevent  contamination  between  powders 
from  different  depths.  The  test  holes  and  drill  bits  were  continuously  cleaned  with 
compressed  air  between  drilling  operations. 

3.3.2     Laboratory  Chloride  Content  Testing 

Although  cheaper  than  titration  testing,  the  new  SHRP  rapid  chloride  test  method  was 
ruled  out  for  use  in  this  project  due  to  its  lack  of  accuracy.  Instead,  the  AASHTO  Method 
T-260  (Acid  Soluble  Test  Method)  was  used.  The  method  involves  extraction  of 
chlorides  with  hot  nitric  acid,  filtration,  and  potentiometric  titration.  It  was  thought  that 
acid  soluble  testing  would  be  more  accurate  than  water  soluble  test  methods.  Duplicate 
tests  were  performed  on  every  tenth  sample  and  these  results  were  reported  for 
comparison  of  accuracy.  The  duplicate  results  were  generally  within  3.5%  of  the  original 
tests.  Reference  standards  were  run  after  every  set  of  twenty  test  samples. 

3.3.2.1        Laboratory  Qualifications 

The  laboratory  work  involved  testing  400  concrete  powder  samples  for  chloride  content. 
Accuracy  was  foremost  of  our  concerns.  Proposals  were  solicited  from  several  qualified 
testing  laboratories  to  perform  the  titration  tests  for  chloride  content.  Information  was 
requested  concerning  quality  control  procedures  and  appropriate  staff  expertise.  The 
laboratory  test  work  was  awarded  to  Levelton  Engineering  Ltd.  on  the  basis  of  their 
having  the  most  qualified  staff  and  procedures  to  do  the  work. 
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3.4        DATA  ANALYSIS 


The  data  analysis  work  involved  the  following  tasks: 

Determine  background  chloride  levels  (chemically  combined  chlorides  not  available 
to  promote  corrosion) 

Adjust  test  data  by  subtracting  chloride  background  contents 

Identify  and  remove  bad  data,  outliers  (1  removed) 

Exploratory  data  analysis  for  possible  trends 

Hypothesis  testing  of  observed  parameters  and  data  trends 

Statistical  analysis  for  validation  of  hypotheses 

Compare  absorption  rates  of  magnesium  and  sodium  chlorides  in  concrete 

Calculate  diffusion  rates  for  all  sites  using  chloride  diffusion  analysis 

Compare  diffusion  rates  of  magnesium  and  sodium  chlorides  in  concrete 

Categorize  Montana  bridge  inventory  according  to  expected  service  life 

Use  inventory  data  on  bridge  construction  year  and  exposure  types  to  estimate 
inventory  projected  bridge  replacement  years  and  costs  with  conventional  deicer 

Use  typical  Montana  deck  reinforcing  steel  cover  depths,  measured  chloride  diffusion 
parameters,  and  Fick's  Law  to  determine  the  ranges  in  the  times  to  initiation  of 
corrosion  (service  life)  for  typical  bridges  and  exposure  categories 

Use  chloride  diffusion  analysis  to  compare  the  times  to  initiation  of  corrosion  (service 
life)  for  typical  bridges  exposed  to  magnesium  and  sodium  chloride 

Analyze  the  range  of  impact  of  magnesium  chloride  on  typical  bridge  service  lives 

Apply  the  service  life  findings  on  the  entire  inventory 

As  an  aside  to  the  main  project  goal,  use  chloride  test  data  to  quantify  the  effect 
(success)  of  some  Montana  bridge  deck  repairs  on  service  life 
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3.5  EFFECT  OF  MAGNESIUM  CHLORIDE  ON  BRIDGE  SERVICE  LIFE 

For  bridges  subjected  to  chlorides  the  bridge  service  life  curve  typically  consists  of  three 
(3)  general  stages: 

•  1 .  Chloride  diffusion, 

•  2.  Reinforcing  steel  corrosion  and 

•  3.  Structural  deterioration  and  damage. 

Since  the  effect  of  increased  numbers  of  chloride  ions  would  primarily  impact  the 
diffusion  stage,  the  effect  of  magnesium  chloride  on  chloride  ion  diffusion  rate  was 
investigated.  This  assumption  is  conservative,  since  increased  chloride  content  may  also 
reduce  the  electrical  resistivity  of  concrete,  thereby  accelerating  the  corrosion  rate  and  the 
damage  growth  rate,  thus  affecting  the  other  two  service  life  stages. 

3.5.1     Effect  on  Time  to  Initiation  of  Reinforcing  Steel  Corrosion 

Using  the  results  of  the  chloride  diffusion  analysis  described  in  the  previous  section, 
further  chloride  diffusion  analysis  was  used  to  compare  the  time  to  corrosion  for  the  two 
types  of  deicers.  An  average  surface  chloride  concentration  and  a  range  of  depths  were 
used  to  determine  the  time  to  corrosion  for  each  bridge  type  versus  reinforcing  steel 
depth.  The  results  were  then  compared  to  determine  the  difference  in  time  to  corrosion 
for  the  two  bridge  types. 

3.6  BRIDGE  INVENTORY  VALUE  AND  LONG  TERM  MANAGEMENT  COSTS 

The  project  methodology  involved  comparing  the  life  cycle  costs  of  maintaining  the  MDT 
bridge  infrastructure  with  the  previous  de-icing  policy  with  an  alternative  policy  of  anti- 
icing  with  magnesium  chloride.  The  difference  in  the  two  costs  would  be  the  economic 
impact  resulting  from  the  new  policy. 

3.6.1     Baseline  Bridge  Replacement  Costs 

In  order  to  find  the  economic  impact  of  switching  to  magnesium  chloride,  the  currently 
required  bridge  replacement  costs  were  needed  for  comparison  purposes.  The  inventory 
was  subdivided  into  exposure  class  categories,  on  which  service  life  would  be  based. 
Assumptions  of  typical  average  bridge  service  life  were  made  for  each  category. 
Although  the  assumptions  may  not  be  entirely  accurate,  since  the  goal  was  to  determine 
the  difference  in  the  bridge  replacement  costs  for  magnesium  chloride  versus  sodium 
chloride,  any  error  in  the  assumptions  would  likely  cancel  out.  The  first  step  involved  an 
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analysis  of  the  bridge  inventory  to  determine  the  expected  deicing  requirements  and  the 
resulting  service  lives  if  conventional  deicers  were  continued  to  be  used. 

3.6.1.1        Analysis  of  Montana  Bridge  Inventory 

Montana  roadway  classifications  are  defined  in  MCA  60-2-125.  The  seven 
classifications  are  Interstate,  National  Highway  System,  primary,  secondary,  urban,  state 
highway,  and  local  roads. 

The  bridge  inventory  database  obtained  from  MDT  in  fall  of  1998  showed  a  total  of  4,698 
existing  bridges  on  all  types  of  Montana  roads.  Depending  on  the  severity  of  exposure 
conditions,  size,  location,  as  well  as  other  design  and  construction  factors,  these  bridges 
will  have  wide  ranging  service  lives.  Some  will  last  much  longer  than  others.  Many  of 
the  bridges  are  on  lightly  traveled  roads  that  are  never  deiced,  and  their  long  service  lives 
reflect  this  benign  environment.  At  the  other  service  life  extreme  are  the  Interstate 
bridges,  which  carry  heavier  loads,  higher  traffic,  and  are  exposed  to  higher  amounts  of 
road  deicing  chemicals.  The  most  important  easily  measured  factor  in  estimating  future 
service  life  is  the  average  daily  traffic  or  ADT  since  many  other  significant  factors  such 
as  amount  of  deicer  used  are  related  to  ADT.  ADT  can  vary  significantly  during  the  lives 
of  some  bridges  due  to  development.  In  contrast,  the  traffic  count  on  Interstate  bridges 
generally  stays  high  and  the  traffic  count  on  local  road  bridges  generally  stays  low  during 
the  course  of  the  bridge's  life. 

For  the  purposes  of  cost  analysis  simplicity,  the  bridge  inventory  was  subdivided  into  the 
following  three  categories  according  to  average  expected  bridge  service  life. 


Table  3-1  Expected  Bridge  Service  Life  with  Conventional  Deicers 

Bridge  Exposure 
Category 

Typical  AADT 
(vehicles  per  day) 

Amount  of  Deicing 
Chemicals  Applied 

Estimated  Average 
Service  Life  (Years) 

1 

2,500-10,000 

Heavy 

50 

2 

500  to  2,499 

Moderate 

65 

3 

100  to  499 

None 

80 

The  future  bridge  replacement  years  for  all  individual  bridges  in  the  state  were  predicted 
based  on  the  average  bridge  service  lives  outlined  in  the  above  chart.    The  replacement 
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values  were  calculated  for  individual  and  total  bridges  in  each  of  the  bridge  exposure 
categories  using  an  average  unit  replacement  value  of  $108/ft2  ($1 150/m2)  by  bridge  deck 
area.  The  estimated  unit  cost  includes  all  costs  of  replacement,  engineering,  demolition, 
reconstruction,  and  detours.  Greater  explanation,  charts,  and  graphs  are  included  in 
Section  10  and  Appendix  C. 

3.6.1.2  Annual  Bridge  Replacement  Costs 

Once  the  future  bridge  replacement  costs  for  the  entire  inventory  were  determined,  they 
were  sub-totaled  as  annual  bridge  replacement  budgets  for  the  purpose  of  comparison 
with  alternative  bare-pavement  scenarios. 

3.6.1.3  Effect  of  Magnesium  Chloride  on  Bridge  Service  Life 

Using  the  relationship  between  time  to  corrosion  and  reinforcing  steel  depth  for  the  two 
bare-pavement  management  types,  as  described  in  Section  3.5,  the  difference  in  time  to 
corrosion  for  a  typical  reinforcing  steel  depth  was  determined.  Using  this  difference  and 
the  bridge  service  lives  for  different  categories,  the  variations  in  impact  to  bridge  service 
life  were  determined.  The  variables  influencing  the  range  of  impact  are  discussed. 

Data  analysis  on  the  twenty  1-90  bridges  found  that  the  chloride  diffusion  rate  in  bridge 
wheel  paths  exposed  to  magnesium  chloride  was  significantly  higher  than  of  bridges 
exposed  to  sodium  chloride.  Significantly  higher  chloride  levels  were  found  at  deeper 
concrete  depths  for  the  magnesium  chloride  treated  bridges  in  the  Saltese  District.  Use  of 
magnesium  chloride  was  found  to  decrease  the  time  to  corrosion  of  the  decks,  resulting  in 
decreased  bridge  service  lives. 

3.7        LONG  TERM  IMPACT  OF  ANTI-ICING  WITH  MAGNESIUM  CHLORIDE 
3.7.1     Life  Cycle  Cost  Analysis 

Life  cycle  cost  analysis  or  present  worth  analysis  is  an  analysis  method  that  involves  a 
•  comparison  of  costs  for  various  methods  of  managing  the  bridge  inventory.  The  main 
goal  of  present  worth  analysis  is  to  determine  the  most  cost-effective  management  option 
in  the  selected  analysis  period  and  quantify  the  amount  of  savings.  In  this  case  present 
worth  analysis  was  used  to  determine  the  economic  impact  of  replacing  sodium  chloride 
with  magnesium  chloride  deicer. 

The  cost  analysis  methodology  is  described  in  greater  detail  in  Section  10.2. 
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3.7.1.1        Assumptions 

■  All  future  expenditures  are  converted  into  current  dollars. 

■  The  value  of  money  over  time  is  4%. 

Assuming  the  bridge  service  life  is  reduced  by  25%  when  MgCb  anti-icer  is  used,  the 
typical  impact  is  summarized  by  the  bridge  service  life  estimates  in  table  3-2. 


Table  3-2  Expected  Bridge  Service  Life  with  MgCl2  Anti-icers 

Bridge  Exposure 
Category 

Typical  AADT 
(vehicles  per  day) 

Amount  of  Deicing 
Chemicals  Applied 

Estimated  Average 
Service  Life  (Years) 

1 

2,500-10,000 

Heavy 

40 

2 

500  to  2,499 

Moderate 

52 

3 

100  to  499 

None 

80 

3.7.2     Other  Assumptions  and  Constraints 

■  20  and  60  year  periods  were  analyzed. 

■  Structures  may  be  replaced  more  than  once  in  the  analysis  period. 

Due  to  the  fact  that  the  economic  impact  involves  future  replacement  costs  and  budgets, 
life  cycle  cost  analysis  was  used  to  convert  future  costs  to  today's  dollars  for  comparative 
purposes  in  assessing  the  economic  impact  on  inventory  management. 

The  economic  impact  is  not  a  fixed  number,  but  will  depend  on  some  varying  factors. 
Sensitivity  analysis  was  done  on  these  factors  to  show  the  ranges  in  future  economic 
impact  and  increase  in  required  annual  future  budgets  due  to  use  of  magnesium  chloride 
deicers. 


3-12 


H  \PROJECTS\ini\17ilvliKl0-.\Fuul  Rcpon'SECTO".  doc 


SECTION  4.0 

BACKGROUND 
INFORMATION 


SECTION  4  BACKGROUND  INFORMATION 


This  section  describes  background  material  relevant  to  the  subsequent  analysis  of  the  effects  of 
magnesium  chloride  on  the  times-to-corrosion,  service  lives,  and  resulting  costs  to  Montana 
bridges. 

4.1        REINFORCING  STEEL  CORROSION  IN  CONCRETE 

Reinforcing  steel  corrosion  in  bridges  has  been  documented  in  thousands  of  technical  and 
articles  during  the  past  forty  years.  The  primary  mechanism  of  reinforced  concrete 
corrosion  in  North  America  is  ingress  of  chloride  ions,  whereas  in  Europe  a  substantial 
amount  of  corrosion  is  initiated  by  carbonation.  The  mechanism  of  chloride  induced 
corrosion  is  complicated.  Chloride  ions  penetrate  concrete  and  depassivate  embedded 
steel  to  initiate  corrosion.  Corrosion  involves  an  electro-chemical  process  in  which 
several  chemical  reactions  occur  simultaneously  at  anodes  and  cathodes,  while  electrical 
current  flows  between  anodes  and  cathodes,  either  through  the  reinforcing  steel  or  the 
moist  concrete. 

4.1.1     Anodes  and  Cathodes 

Four  of  the  chemicai  oxidizing  reactions  that  may  occur  at  anodes  include1: 

1.  Fe°    ->  Fe++  +  2e"; 

2.  Fe++  +  2Cf  ->  FeCl2; 

3.  FeCl2  +  H20  +  OH'  ->  Fe(OH)2  +  H+  +  +  2  CI" 

4.  2  Fe(OH)  2  + '/2  O"  ->  Fe203  +  2  H20 

The  several  stages  of  iron  have  different  colors  ranging  from  orange  to  black.  Electrons 
are  liberated  at  the  anode  and  flow  to  the  cathode.  Ionic  flow  occurs  through  the  moist 
concrete,  which  becomes  an  electrolyte. 

The  following  are  common  chemical  reduction  reactions  that  occur  at  the  cathodes  : 


Weyers,  Prowell,  Sprinkel,  Vorster;  Concrete  Bridge  Protection,  Repair,  and  Rehabilitation  Relative  to 
Reinforcement  Corrosion:  A  Methods  Application  Manual,  SHRP-S-360;  268  pages,  1993. 
2  Baboian;  Synergistic  Effects  of  Acid  Deposition  and  Road  Salts  on  Corrosion;  Corrosion  Forms  and  Control  for 
Infrastructure,  ASTM  publication  STP  1137;  page  20,  1992. 
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1.  V2  02  +  H20  +  2e"  ->  20H' 

2.  2H+  +  2e"    ->  H2  (hydrogen  gas  evolution) 

3.  02  +  4H+  +  4e'  ^  2  H20  (acidic  solutions) 

4.  02  +  2H20  +  4e'  ->  4  OH"  (neutral  solutions) 

Each  corrosion  cell  has  an  anode  and  a  cathode.  Rust  stains  can  visually  identify  the 
anodes,  while  the  cathodes  are  adjacent  electrically  connected  areas  of  protected  steel. 

4.1.2     Corrosion  Cells 

Corrosion  cells  are  like  chemically  powered  batteries  with  the  driving  force  resulting 
from  the  thermodynamic  process  of  steel  returning  its  iron  component  to  the  natural 
oxidized  state1.  A  corrosion  cell  has  an  anode,  corroding  portion,  and  a  cathode, 
protected  portion.  A  partial  current  flow  occurs  through  the  steel  connecting  the  anode 
and  cathode,  while  the  electrical  circuit  is  completed  by  ionic  flow  through  the 
electrolyte,  which  is  moist  concrete.  Stopping  corrosion  can  be  based  on  interfering  with 
its  electrical  current  flow  or  by  interfering  with  the  necessary  chemical  reactions. 

Corrosion  cells  may  be  either  macro-cells  or  micro-cells,  depending  on  size.  An  example 
of  a  macro-cell  would  include  portions  of  the  top  reinforcing  steel  mat  in  a  bridge  deck 
forming  the  anodes,  while  the  entire  bottom  reinforcing  steel  mat,  steel  girders,  or  other 
electrically  connected  steel  elements  form  the  cathode,  or  protected  areas.  In  this  latter 
example  the  anodes  are  created  by  differences  in  chloride,  moisture  and  oxygen  contents 
in  concrete  surrounding  the  top  reinforcing  steel  mat  compared  to  concrete  surrounding 
the  bottom  reinforcing  steel  mat. 

Conversely,  micro-cells  are  usually  very  small.  They  also  result  from  the  non- 
homogeneous  nature  of  concrete.  They  often  result  from  small  concrete  cracks 
intersecting  at  a  90°  angle  with  steel  reinforcing,  thereby  providing  localized  differences 
in  oxygen,  moisture,  and  chloride  content. 

The  electrical  current  flow  in  a  corrosion  cell  is  in  equilibrium  between  the  anodic  and 
cathodic  chemical  reactions.  Many  corrosion-mitigating  products  are  based  on  the 
control  of  either  the  anodic  or  cathodic  chemical  reactions,  which  thereby  control  the 
overall  electrical  current  flow.  Examples  are  epoxy  coated  reinforcing,  which  controls 
the  cathodic  reactions,  and  corrosion  inhibitors,  which  may  control  either  the  cathodic  or 
anodic  reactions. 
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4.1.3  Effect  of  Chlorides  on  Reinforced  Concrete 

Chloride  ions  are  the  most  important  single  factor  causing  bridge  deterioration  in  North 
America  today.  Free  chloride  ions  exist  in  water  solution  and  do  not  necessarily  know 
from  what  source  they  came. 

In  non-chloride  exposed  reinforced  concrete  the  highly  alkaline  concrete  creates  a  passive 
condition  for  the  reinforcing  steel  in  which  corrosion  does  not  occur.  The  light  surface 
oxide  on  the  reinforcing  steel  is  highly  stable  in  this  environment.  When  chlorides  have 
penetrated  in  sufficient  quantity  to  level  of  the  reinforcing  steel,  the  passive  steel 
condition  is  destroyed  and  corrosion  begins.  Chloride  corrosion  threshold  is  defined  as 
the  chloride  concentration  needed  to  initiate  corrosion.  The  typically  accepted  value  for 
corrosion  threshold  is  1.2  lb/yd  or  0.71  kg/m  .  In  reality,  the  corrosion  threshold  is  not 
constant.  It  varies  with  factors  such  as  the  actual  concrete's  properties  of  hydroxide  ion 
concentration,  moisture  content,  oxygen  content,  and  others1. 

The  term  'time  to  corrosion'  is  the  time  required  for  sufficient  chlorides  to  reach  the  steel 
components  and  initiate  the  corrosion  process. 

4.1.4  Rate  of  Steel  Reinforcing  Corrosion 

The  rate  of  corrosion  is  basically  related  to  the  electrical  current  flow  resulting  from  the 
chemical  reactions  occurring  at  anodes  and  cathodes.  Rate  of  corrosion  is  affected  by 
many  parameters  such  as  temperature,  chloride  ion  content1,  moisture  content,  dissolved 
oxygen  content,  electrical  conductivity,  the  inverse  of  electrical  resistivity,  of  the 
concrete,  and  others. 

The  electrical  current  flow  is  proportional  to  the  numbers  of  iron  atoms  dissolving  from 
the  steel  components  and  forming  complexes  with  oxygen  and  hydroxides  in  the  concrete. 
The  rate  of  steel  corrosion  is  directly  proportional  to  the  remaining  service  life  of  a  steel 
reinforced  structure. 

4.1.5  Bridge  Service  Life 

Bridge  service  life  is  defined  as  the  time  until  a  critical  amount  of  damage  has  developed 
to  require  major  rehabilitation  or  replacement.  The  damage  is  usually  in  the  form  of 
potholes  resulting  from  the  disintegration  of  corrosion  induced  concrete  surface 
delaminations.  The  iron  oxides  and  hydroxides  that  result  from  corrosion  occupy  more 
volume  that  the  original  iron  atoms  in  the  reinforcing.  The  increase  in  volume  that 
accompanies  corrosion  results  in  potholing  damage  to  bridge  decks,  as  well  as  loss  of 
steel  section  with  accompanying  reduction  in  load  carrying  capacity.    Potholes  present  a 
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serious  threat  to  public  traffic,  particularly  on  bridges  in  high  speed  locations,  and 
especially  when  the  potholes  are  located  in  the  wheel  paths. 

4.1.5.1  Phases  of  Service  Life 

Chloride  induced  damage  is  the  single  major  cause  of  bridge  deterioration  is  North 
America.  The  service  life  curve  is  a  plot  of  damage  versus  time.  It  consists  of  three 
phases,  diffusion,  corrosion,  and  damage.  The  diffusion  phase  is  the  time  period  before 
chlorides  have  reached  the  reinforcing  steel  in  sufficient  amounts  to  initiate  corrosion. 
This  does  not  happen  uniformly  due  to  variations  in  concrete  cover  depth,  exposure 
conditions,  and  concrete  permeability.  The  corrosion  phase  is  the  time  period  in  which 
portions  of  the  steel  are  corroding  and  building  up  pressure  from  the  increased  volume  of 
the  various  forms  of  iron  oxides.  The  damage  phase  begins  when  the  corrosion  induced 
pressure  initiates  cracking  of  concrete  surrounding  the  reinforcing.  The  cracks  propagate 
until  they  reach  the  concrete  surface  and  potholes  and  visible  damage  can  be  seen.  The 
damage  phase  ends  when  sufficient  damage  has  occurred  to  end  the  bridge  service  life. 

4.1.5.2  End  of  Service  Life 

In  bridge  decks  the  critical  amount  of  deck  surface  damage  needed  to  end  service  life  has 
been  found  to  be  about  9  to  13%  of  the  deck  area  in  the  most  deteriorated  traffic  lane. 
Higher  rates  of  steel  corrosion  equate  with  shorter  remaining  bridge  deck  service  lives. 

The  chloride  induced  corrosion  phenomenon  is  the  major  single  cause  of  bridge 
replacement  and  rehabilitation  in  North  America,  resulting  in  a  multi-billion  dollar  per 
year  problem  for  bridge  owners3. 

4.2        CHLORIDE  DIFFUSION  IN  CONCRETE 

4.2.1     Capillary  System 

Concrete  consists  of  rock  and  sand  cemented  together  by  hydrated  paste  of  cement  and 
water.  Concrete  is  generally  a  porous  material,  and  as  such  it  absorbs  water  continually 
from  the  environment.  While  the  moisture  level  of  the  surface  concrete  continually 
fluctuates  to  maintain  equilibrium  with  the  atmospheric  humidity,  the  interior  of  the 
concrete  is  always  moist,  typically  over  80%4.  The  normal  concrete  capillary  system 
provides  relatively  large  channels  for  water  and  chloride  solutions  to  penetrate  and  diffuse 
through.    The  interconnected  capillaries  may  be  ten  to  a  thousand  times  the  diameter  of 


'  Cady,  Weyers;  "Chloride  Penetration  and  the  Deterioration  of  Concrete  Bridge  Decks",  Cement,  concrete  and 
Aggregates,  Vol.  5,  No.  2,  page.  81,  1994. 

4  Weyers,  Pyc,  Sprinkel;  "Estimating  the  Service  Life  of  Epoxy  Coated  Reinforcing  Steel";  American  Concrete 
Institute  Materials  Journal,  Vol.  95,  No.  5,  page  555,  1998. 
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water  and  chloride  molecules.  The  capillaries  are  generally  created  by  the  passage  of 
excess  bleed  water  being  squeezed  out  of  fresh  concrete  prior  to  it  setting.  Other  factors 
in  capillary  system  development  relate  to  the  mix  design,  the  aggregate  gradation  and 
proportions,  and  the  amount  of  excess  mix  water  beyond  the  relatively  small  amount 
needed  for  the  hydration  of  cement.  Over  the  years  the  bridge  and  structural  design  codes 
have  changed,  generally  in  the  direction  of  reducing  the  water  to  cement  (w/c)  ratio  by 
use  of  conventional  and  high  range  water  reducing  admixtures.  Concrete  constructed  in 
the  1950's  and  1960,s  generally  had  w/c  ratios  in  the  neighborhood  of  0.5,  whereas 
current  practice  often  calls  for  w/c  ratios  of  deicer  exposed  concrete  as  low  as  0.35.  The 
latter  concrete  is  much  less  permeable  due  to  the  greatly  reduced  capillary  system. 
Consequently,  as  the  newer  concrete  mature  they  may  become  significantly  less  porous 
than  concrete  of  previous  eras. 

Diffusion  is  a  process  of  a  fluid  spreading  or  permeating  through  a  permeable  material 
such  as  soil  or  concrete.  Fick's  Second  Law  of  Diffusion  mathematically  describes  the 
process  of  chloride  ion  diffusion  through  concrete1. 

4.2.2     Fick's  Second  Law 

Regardless  of  their  source,  chlorides  migrate  through  concrete.  Chloride  migration  in 
concrete  is  expressed  by  the  equation  below,  where  C  is  the  chloride  concentration  at  a 
depth,  d,  and  a  time,  t.  The  abbreviation  erf  is  for  error  function,  a  curve  that  can't  be 
described  by  normal  mathematical  equations. 


C     =C 

^  Ji        ^o 


a 
I -erf 


2iD~t 


V  -M—c'J 


The  primary  driving  force  in  the  diffusion  process  is  the  chloride  concentration  at  the 
surface  of  the  concrete,  C0,  from  which  chlorides  are  being  applied  to  the  concrete.  The 
concrete's  property  of  resistance  to  chloride  diffusion  is  expressed  as  the  diffusion 
coefficient,  Dc.  The  diffusion  coefficient  is  a  property  related  to  the  concrete's 
permeability  property  as  well  as  the  concrete's  internal  relative  humidity  or  moisture 
content.  The  latter  conditions  are  at  least  partly  related  to  geographic  location  and  annual 
climatic  conditions.  Concrete  in  coastal  areas  generally  has  higher  diffusion  coefficients 
than  drier  climates  inland. 

Fick's  Second  Law  allows  us  to  predict  future  changes  in  the  chloride  ion  concentration 
at  any  depth  from  the  concrete  surface  over  any  period  of  time  if  we  know  the  particular 
concrete's  diffusion  properties  of  C0  and  Dc. 
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Over  a  period  of  time  of  applying  chloride  ions,  as  in  the  process  of  deicing  highways  and 
bridges,  the  surface  concentration  of  chlorides  in  concrete,  C0  ,  gradually  increases  and 
approaches  an  upper  limit  with  time.  The  upper  limit  is  based  on  the  amounts  of  chloride 
ions  being  applied.  This  chloride  diffusion  characteristic  is  shown  later  in  this  report. 
Over  a  period  of  time,  the  depth  of  chloride  penetration  as  well  as  the  chloride 
concentration  at  any  depth  from  the  application  surface  increases  as  shown  conceptually 
in  the  figure  below.  The  values  shown  in  the  figure  were  calculated  for  a  specific 
combination  of  C0  =  10.2  lb/yd3  (6  kg/m3)  and  Dc.=  0.078  in2/year  (0.5  cm2/year).  For 
other  combinations  of  C0  and  Dc.  the  rate  of  penetration  and  chloride  concentration 
buildup  with  time  will  be  different,  but  the  same  general  shape  will  occur  as  shown  in  the 
figure  below. 


Table  4-1   Chloride  Penetration  of  Concrete  With  Time 

Time  (years) 

Depth 
(inch) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

0.40 

3.50 

3.90 

4.40 

4.60 

4.75 

4.86 

4.94 

5.01 

5.06 

5.11 

5.15 

0.80 

0.68 

1.57 

2.16 

2.56 

2.88 

3.10 

3.30 

3.44 

3.58 

3.69 

3.79 

1.20 

0.06 

0.40 

0.81 

1.18 

1.48 

1.74 

1.96 

2.16 

2.33       2.48 

2.60 

1.60 

0.01 

0.08 

0.24 

0.45 

0.65 

0.85 

1.05 

1.23 

1.39 

1.54 

1.67 

2.00 

0.00 

0.01 

0.05 

0.13 

0.25 

0.36 

0.50 

0.63 

0.76 

0.88 

1.00 

2.40 

0.00 

0.00 

0.01 

0.03 

0.08 

0.15 

0.22 

0.29 

0.38 

0.46 

0.55 

2.80 

0.00 

0.00 

0.00 

0.01 

0.02 

0.04 

0.08 

0.12 

0.17 

0.22 

0.28 

3.20 

0.00 

0.00 

0.00 

0.00 

0.01 

0.01 

0.02 

0.04 

0.07 

0.10 

0.13 

3.60 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.01 

0.02 

0.03 

0.04 

0.06 

4.00       0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.01 

0.01 

0.02 

4.40       0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.01 

4.80       0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

5.20       0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

5.60       0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

6.00       0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

4-6 


H  \PROJECTS'jm\770i4t»M)?\F in.nl  Rcport\SECT(U  doc 


Section  4  -  Background  Information 


4.2.3     Factors  in  Rate  of  Chloride  Diffusion 

Major  factors  that  relate  to  the  rate  of  chloride  diffusion  in  concrete   include  the 
following: 

•  time, 

•  temperature, 

•  climate  and  concrete  moisture  conditions, 

•  deck  drainage  characteristics 
concrete  permeability 
surface  abrasion  wear,  as  by  studded  snow  tires. 


• 


Note  that  the  above  factors  were  generally  the  same  for  the  twenty-bridge  test  group  used 
in  this  study. 

By  measuring  chloride  contents  in  concrete  at  different  depths  and  using  Fick's  Second 
Law  to  calculate  the  essential  diffusion  parameters  of  C0  and  Dc  we  can  predict  future 
changes  in  chloride  content  with  time.  This  allows  one  to  predict  remaining  service  lives 
of  chloride  exposed  concrete,  assess  the  effectiveness  of  bridge  deck  repairs,  and  assess 
the  economic  impact  of  alternative  chloride-based  deicers. 
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PROPERTIES  AND 
USAGE 


SECTION  5  MAGNESIUM  AND  SODIUM  CHLORIDE  TREATMENTS 


This  section  describes  the  chemical  and  physical  properties  of  the  two  anti-  or  deicing  materials, 
magnesium  chloride  and  sodium  chloride,  and  presents  background  information  related  to  their 
field  use. 

5.1        CHEMISTRY  OF  MAGNESIUM  AND  SODIUM  CHLORIDE 

The  following  is  a  brief  description  of  the  basic  chemical  elements  of  magnesium,  sodium 
and  chlorine,  as  well  as  the  compounds  of  magnesium  and  sodium  chloride. 

5.1.1     The  Chemical  Elements 

5.1.1.1  Chlorine 

The  element  chlorine  was  discovered  in  1797.  It  occurs  in  nature  in  combined  forms  as 
common  salt,  sodium  chloride,  carnallite,  and  sylvite.  In  pure  form  it  is  a  greenish  yellow 
gas.  Chlorine  readily  combines  with  most  other  elements.  Chlorine  is  a  very  strong 
oxidizing  agent,  meaning  it  readily  strips  electrons  from  other  atoms,  especially  metals. 
Chlorine  is  a  stronger  oxidizer  than  even  oxygen. 

5.1.1.2  Magnesium 

Magnesium  was  first  recognized  as  an  element  in  1755.  It  occurs  abundantly  in  the 
earth's  crust  in  combined  form  as  magnesite,  dolomite,  and  others.  In  pure  form  it  is  a 
light,  silvery  white,  tough  metal  that  is  highly  reactive.  It  does  not  occur  in  pure  form  in 
nature.  It  is  highly  flammable  and  burns  or  oxidizes  with  a  blinding  intensity. 

5.1.1.3  Sodium 

Sodium  was  first  isolated  in  1807.  It  is  the  sixth  most  abundant  element  found  in  the 
earth's  crust,  where  it  comprises  2.6%.  It  is  highly  chemically  reactive  and  therefore  is 
never  found  in  pure  form  in  nature.  Sodium  is  most  commonly  found  in  nature  as  the 
chemical  compound,  sodium  chloride  or  road  salt.  It  also  occurs  as  soda  niter,  cryolite, 
amphibole,  zeolite,  sodalite,  as  well  as  others.  In  pure  form  sodium  is  a  dangerous,  toxic, 
flammable,  and  explosive  metal. 
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5.1.2  Chemically  Combined  Forms  of  Sodium,  Magnesium,  and  Chlorine 

5.1.2.1  Sodium  Chloride 

Sodium  chloride  can  occur  in  liquid  solution,  example  seawater,  or  it  can  be  dried  to  a 
pure  solid  crystalline  form,  sometimes  called  rock  salt  or  road  salt.  It  is  highly  soluble  in 
water  and  can  exist  in  different  concentrations,  each  with  slightly  varying  properties  of 
freezing  point,  specific  gravity,  viscosity,  and  such.  In  solution,  sodium  chloride  readily 
ionizes.  The  sodium  ions  are  positively  charged,  while  the  chloride  ions  are  negatively 
charged.  The  ratio  of  sodium  to  chloride  ions  is  one. 

5.1.2.2  Magnesium  Chloride 

Magnesium  chloride  is  similar  to  sodium  chloride  in  that  it  occurs  as  a  crystalline  solid 
that  is  highly  soluble  in  water.  As  the  concentration  of  magnesium  chloride  changes,  its 
melting  point  and  other  properties  change  as  well.  Magnesium  chloride  also  ionizes  in 
water  solution  to  form  positively  charged  magnesium  ions  and  negatively  charged 
chloride  ions.  The  ratio  of  chloride  ions  to  magnesium  ions  is  two. 

5.1.3  Significant  Physical  Properties 

Some  relevant  properties  of  the  above  elements  and  compounds  are  presented  in  the  table 
below. 


Table  5-1  Properties  of  Chlorine,  Magnesium,  and  Sodium 

Name 

Chlorine 

Magnesium 

Sodium 

Sodium 
Chloride 

Magnesium 
Chloride 

Atomic  numbers 

17 

12 

11 

N/A 

N/A 

Atomic  weight 

35.5 

24.3 

23.0 

58.4 

95.2 

Melting  Point  (°C) 

-101 

649 

97.8 

801 

714 

Boiling  Point  (°C) 

-34.6 

1090 

883 

1413 

1402 

Molecular  size  in 
Angstrom  (10"10m) 

3.6 

1.6 

2.0 

5.7 

8 

Ionic  Charge 

-1 

+2 

+  1 

N/A 

N/A 

State 

Gas 

Solid  metal 

Solid  metal 

Solid  Crystal 

Solid  Crystal 

Density  (g/cmJ) 

3.17 

1.74 

0.97 

2.18 

2.32 
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5.1.3.1        Deliquescence  and  Hygroscopic  Properties 

Deliquescence  is  the  property  of  a  solid  slowly  dissolving  by  attracting  moisture  from  the 
air.  Hygroscopic  behavior  describes  the  property  of  attracting  and  retaining  moisture. 
Both  calcium  and  magnesium  chloride  are  both  deliquescent  and  hygroscopic  materials. 
Calcium  chloride  is  routinely  used  as  a  dust  control  material  on  unpaved  roads,  where  its 
hygroscopic  nature  results  in  more  sound  road  surface.  Both  calcium  and  magnesium 
chlorides  are  thought  to  retain  moisture  when  they  are  absorbed  in  concrete.  By  keeping 
the  concrete  in  a  wetter  condition  they  would  decrease  the  electrical  resistivity  and 
increase  the  ionic  flow  needed  to  sustain  the  electro-chemical  reactions  involved  in 
corrosion  of  embedded  steel. 

5.1.4  Diffusion  Rates  in  Concrete 

Concrete  consists  of  rock  and  sand  cemented  together  by  hydrated  cement  paste. 
Concrete  is  generally  a  porous  material,  and  as  such  it  absorbs  water  continually  from  the 
environment.  While  the  moisture  level  of  the  surface  concrete  continually  fluctuates  to 
maintain  equilibrium  with  the  atmospheric  humidity,  the  interior  of  the  concrete  is  always 
moist.  The  moisture  makes  it  possible  for  ions  such  as  sodium  and  magnesium  to  diffuse, 
since  they  exist  only  in  liquid  solutions  in  water.  If  the  water  was  dried,  as  in  an  oven,  the 
ions  would  re-crystallize  or  chemically  react  in  some  other  way. 

The  table  above  shows  sodium,  chloride  and  magnesium  ions  to  be  approximately  the 
same  size,  which  is  extremely  small  in  comparison  to  the  usual  size  of  permeable  voids  in 
concrete.  A  relevant  question  is  whether  the  two  chemicals  diffuse  through  concrete  at 
similar  rates.  One  reason  why  the  ions  might  diffuse  at  different  rates  is  their  different 
tendencies  to  re-crystallize. 

5.1.5  Deicing  versus  Anti-Icing 

There  are  significant  differences  in  the  ways  that  magnesium  and  sodium  chlorides  are 
applied  as  applied  as  bare  pavement-inducing  treatments. 

Traditionally,  roads  were  sanded.  Since  sand  contains  water,  the  sand  tends  to  freeze  into 
lumps  that  do  not  easily  pass  through  the  hoppers  in  sanding  trucks.  Solid  sodium 
chloride  or  road  salt  is  added  to  the  sand  to  prevent  it  from  freezing  into  unmanageable 
lumps.  Sand  and  rock  salt  (sodium  chloride)  were  used  primarily  to  attack  existing  ice  on 
roads  and  bridges.  This  process  became  known  as  deicing. 

On  the  other  hand,  a  newer  approach  to  bare  pavement  has  been  to  prevent  the  formation 
of  ice  to  road  surface  bond  by  applying  the  chemical  before  the  ice  exists.  Properly  done, 
this  approach  may  be  more  cost-effective.   The  crucial  factor  in  application  is  its  timing. 
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This  requires  predicting  the  weather  conditions,  which  is  not  easy.  Improperly  timed,  the 
chemical  may  sit  on  the  already  iced  surface  or  alternatively  sit  on  the  dry  surface  when 
the  predicted  snow  doesn't  occur.  This  approach  is  referred  to  as  anti-icing. 

Magnesium  chloride  anti-icers  are  supplied  liquid  forms  with  different  concentrations  of 
the  active  ice-melting  ingredient.  Normal  magnesium  chloride  is  a  crystalline  solid  that 
can  easily  be  dissolved  in  water  solution  at  various  concentrations.  The  freezing  point 
depression  effect  of  magnesium  chloride  depends  on  the  resulting  concentration  of 
magnesium  chloride.  The  typical  concentrations  used  have  been  30%  by  mass.  Thirty 
percent  by  mass  means  that  every  ten  pounds  of  liquid  solution  contains  three  pounds  of 
solid  magnesium  chloride. 

The  initial  concentration  of  either  sodium  or  magnesium  chloride  changes  after 
application  to  an  icy  or  snowy  roadway  surface.  As  melting  snow  and  ice  dilute  the 
concentration,  the  ice  melting  characteristics  continually  change.  Both  chemicals  are 
applied  in  such  concentrations  that  the  subsequent  ice  melting  abilities  initially  improve, 
reach  a  peak  ice  melting  capacity,  and  then  gradually  decline  with  continued  dilution. 

The  ability  to  effectively  de-ice  a  roadway  surface  is  more  complicated  than  is  often 
recognized.  Effective  deicing  requires  judgment  of  current  temperature,  subsequent 
temperature  change,  and  amounts  of  snow  and  ice  melted,  among  other  things.  Melting 
causes  dilution,  which  affects  the  freezing  point  depression  temperature.  As  most  people 
would  agree,  predicting  the  weather  is  not  easy.  It  is  even  more  complicated  in 
mountainous  areas.  Some  concentrations  of  deicer  can  cause  the  roadway  to  become 
slipperier  than  no  deicer.  Deicing  skill  takes  time  to  master.  Liquid  deicers,  such  as 
magnesium  chloride,  react  differently  with  snow  and  ice  than  solid  ones. 

5.1.6  Benefits  of  Magnesium  Chloride 

In  comparison  to  road  salt,  magnesium  chloride  is  reported  to  be  superior  in  the  following 
respects: 

•  Faster  snow  and  ice  melting  ability, 

•  Ability  to  melt  snow  and  ice  at  lower  temperatures, 
It  is  only  marginally  more  expensive  than  road  salt. 

5.2        USE  OF  ANTI-ICERS  BY  MDT 

While  detailed  records  are  not  available,  MDT  reportedly  began  deicing  roadways  in  the 
late  1970's.     The  amount  of  chemicals  used  has  tended  to  increase  with  time,  speed 

5-4 

H  vPROJECTS\inl\77054»O\(>3\F injl  Rcpon\SECTI)5  doc 


Section  5  -  Magnesium  and  Sodium  Chloride  Treatments 


limits,  public  demands,  and  trends  throughout  North  America  to  provide  bare  deiced 
pavement  to  the  travelling  public. 

Winter  maintenance  is  an  important  public  service,  as  shown  by  the  $10  million  annual 
budget. 

5.2.1  Amounts  of  Chemicals  Used 

Amounts  of  both  liquid  and  solid  chemicals  used  annually  by  MDT  have  been  recorded 
since  1993.  The  table  below  shows  the  total  amounts  of  both  road  salt  and  magnesium 
chloride  purchased  annually  from  1993  to  1999.  Note  that  the  liquid  deicers  are 
expressed  in  US  gallons  of  typically  30%  by  mass  concentration,  which  have  to  be 
converted  to  an  equivalent  mass  of  solid  deicer  in  order  to  allow  an  'apples  to  apples' 
comparison. 


Table  5.2  ANNUAL  MDT  CHEMICAL  CONSUMPTION* 

Year 

Severity 

of 
Winter 

Liquid 

Magnes. 
Chloride 
(x  1000 
US  gal) 

Magnes 

Chloride 

Mass** 

(xlO6 

lb) 

Total 

Sand 

Used  (x 

1000  Cu. 

Yd.) 

Sodium 

Chlor. 

Mass 

(xlO6 

lb) 

Total 

Chloride 

Used 

Mass 

(xl06lb) 

Magnes. 
Chloride 
%Total 
Chloride 
Used 

Sodium 
Chloride 
%Total 
Chloride 
Used 

1993 

Ave. 

377 

0.91 

241 

15.2 

16.1 

5.6% 

94.4% 

1994 

Ave. 

712 

1.71 

230 

13.3 

15.0 

1 1 .4% 

88.6% 

1995 

Ave. 

1,152 

2.78 

250 

16.9 

19.7 

14.1% 

85.9% 

1996 

Cold 

1,687 

4.06 

307 

21.3 

25.4 

16.0% 

84.0% 

1997 

Cold 

2,346 

5.65 

379 

23.0 

28.7 

19.7% 

80.3% 

1998 

Mild 

1,743 

4.20 

365 

20.9 

25.1 

16.7% 

83.3% 

1999 

Vmild 

1,856 

4.47 

255 

17.2 

21.7 

20.6% 

79.4% 

*  Figures  reported  by  MDT 

**1    US  gallon  of  30%  concentration  magnesium  chloride  contains  2.41   pounds  of 
crystalline  magnesium  chloride 
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From  the  above  it  can  be  seen  that  the  total  amount  of  chlorides  being  applied  to  the 
Montana  bridge  system  have  been  increasing  substantially  over  recent  years.  Even  as  the 
amount  of  liquid  anti-icer  has  increased  by  leaps  and  bounds,  the  solid  deicer  has  also 
steadily  increased.  When  the  effects  of  weather  are  taken  into  account,  it  is  obvious  that 
increasing  amounts  of  deicers  are  being  used.  These  increases  will  have  an  impact  on  the 
numbers  of  bridges  developing  chloride-induced  deterioration  problem  as  well  as  the 
severity  of  the  problems. 

5.2.1.1        Amounts  of  Chloride  Ions  in  Sodium  versus  Magnesium  Chloride 

Sodium  chloride  molecules  consist  of  one  atom  each  of  sodium  and  chloride. 
Magnesium  chloride  molecules  contain  two  chlorides  for  each  magnesium  atom.  In  the 
table  comparing  the  amount  of  salt  used,  the  number  are  expressed  in  pounds  of  either 
salt.  Actually,  a  pound  of  sodium  chloride  and  a  pound  of  magnesium  chloride  contain 
different  amounts  of  chloride  ions.  The  actual  amounts  of  chlorides  can  be  calculated 
using  Avogadro's  number,  6.023  x  10"  .  One  gram  atom  of  sodium  chloride  weighs  58.4 
grams  and  contains  6.023  x  10  chloride  atoms,  weighing  35.5  grams.  One  gram  atom  of 
magnesium  chloride  weighs  95.2  grams  and  contains  12.046  x  10'  atoms  of  chloride 
weighing  71  grams.  Therefore  60.8%  of  the  mass  of  sodium  chloride  is  chloride  atoms, 
while  74.6%  of  the  mass  of  magnesium  chloride  is  chloride  atoms.  A  pound  of  sodium 
chloride  has  0.608  pounds  of  chlorides,  while  a  pound  of  solid  magnesium  chloride  has 
0.746  pounds  of  chlorides. 


Table  5.3  ANNUAL  CHLORIDES  FROM  EACH  CHEMICAL 

Year 

30% 
Liquid 

(US 
gallons) 

Mass  of 

Magnesium 

Chloride 

(pounds) 

Chlorides 

from  Liquid 

Mag 

Chloride 

(pounds) 

Mass  of 
Sodium 
Chloride 
(pounds) 

Chlorides 

from 
Sodium 
Chloride 
(pounds) 

1993 

377,000 

910,000 

680,000 

15,200,000 

9,240.000 

1994 

712,000 

1,710,000 

1,280,000 

13,300,000 

8,090,000 

1995 

1,152,000 

2,780,000 

2,070,000 

16,900,000 

10,300,000 

1996 

1,687,000 

4,060,000 

3,030,000 

21,300,000 

13,000,000 

1997 

2,346,000 

5,650,000 

4,220,000 

23,000,000 

14,000,000 
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1998 

1,743,000 

4,200,000 

3,140,000 

20,900,000 

12,700.000 

1999 

1,856,000 

4,470,000 

3,340,000 

17,200,000 

10,500,000 

5.2.2     MDT  Chemical  Approval  Process 

MDT's  concerns  with  deicers  include  impact  to  vehicles,  bridges,  storage  and  application. 
Previously  salt  was  only  used  to  prevent  the  sand  from  freezing.  Over  time,  policies  have 
changed  and  concerns  now  address  issues  such  as  dust  and  airborne  pollutants. 

MDT  has  approval  standards  in  place  for  assessing  new  products.  The  standards  include 
a  series  of  requirements  that  evaluate  environmental  and  corrosion  characteristics  of  new 
products,  including  : 

•  Tight  limits  on  the  content  of  eleven  toxic  metals, 

•  Corrosion  requirements  of  National  Association  of  Corrosion  Engineers 
(NACE)  Standard  TM-01-69  (1976  rev.)  as  modified  by  Washington 
Department  of  Transportation  (WSDOT)  for  deicer  testing, 

•  pH  limits,  as  per  American  Society  of  Testing  Methods  (ASTM)  E  70 

•  For  Deicer  Category  1,  minimum  of  25%  magnesium  chloride 

•  Numerous  other  quality-control  requirements. 

Magnesium  chloride  costs  about  20%  more  than  sodium  chloride1.  MDT  uses  a  best  buy 
policy  that  combines  the  percentage  of  active  ingredient  with  the  bid  price  so  as  to 
compare  "apples  to  apples".  A  recent  modification  to  the  policy  includes  the  amount  of 
corrosion  test  reduction  in  the  price  formula.  MDT  is  concerned  with  the  costs  incurred 
by  potential  corrosion  problems.  They  currently  use  corrosion-inhibited  products.  They 
work  closely  with  other  Pacific  Northwest  States  (PNS)  in  setting  standards  for  the  deicer 
evaluation  process.  Independent  testing  is  done  by  credible  organizations  such  as  HITEC, 
the  Highway  Innovative  Technology  Evaluation  Center. 

An  example  of  a  recently  approved  product  is  Ice  Ban  Plus,  a  50:50  (50%)  blend  of  Ice 
Ban  and  a  30%)  concentration  of  magnesium  chloride  solution.     Ice  Ban  reportedly 


1  Private  communication  with  Dan  Williams,  MDT,  1998. 
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contains  corrosion  inhibitors.  Ice  Ban  is  acidic  with  a  pH  of  about  2  and  has  a  reported 
specific  gravity  of  1.282. 

5.2.2.1  NACE  Standard  TM-01-69  (1976  rev.)  Corrosion  Test 

The  above  corrosion  test  is  part  of  the  MDT  and  PNS  approval  requirements  for  deicers. 
This  rigid  test  involves  a  72-hour  period  of  cyclic  immersion  of  a  standard  steel  coupon  in 
the  proposed  deicing  solution.  A  3%  concentration  of  the  deicer  is  used  and  compared 
with  a  3%  reference  solution  of  sodium  chloride.  The  mass  lost  from  the  coupons  due  to 
corrosion  is  measured  and  compared.  The  required  performance  for  approval  is  that  the 
coupon  mass  loss  in  the  deicer  solution  be  a  minimum  70%  less  than  that  in  the  reference 
salt  solution. 

Evaluation  of  the  corrosion  test  method  is  outside  the  scope  of  this  study,  but  the  validity 
of  this  test  would  require  equal  amounts  of  dissolved  oxygen  in  the  two  solutions. 
Corrosion  rate  stops  without  oxygen.  The  concentration  of  the  proposed  deicer  appears 
less  than  the  reference  solution  concentration.  The  test  does  not  measure  corrosion  of 
embedded  steel  in  concrete.  The  test  does  not  consider  the  effect  of  time.  Chlorides 
remain  with  time,  but  inhibitors  are  likely  to  break  down.  The  corrosion  test  does  not 
evaluate  the  life  of  the  inhibitor,  which  may  decompose  over  time  while  the  chloride  ions 
from  the  deicer  cannot  decompose. 

For  reinforced  concrete  to  be  protected  by  corrosion  inhibitors,  they  would  have  to  diffuse 
through  concrete  as  fast  as  chloride  ions  in  order  to  protect  the  steel.  Organic  inhibitors 
have  relatively  large  molecules. 

Another  question  is  whether  inhibited  deicers  would  have  any  benefit  when  applied  to 
decks  that  already  contained  chlorides.  The  nature  of  chloride  diffusion  is  that  as  long  as 
the  surface  chlorides  are  being  continually  replenished,  whether  by  magnesium  chloride 
or  by  sodium  chloride,  the  driving  force  causing  the  deeper  chlorides  to  continue 
diffusing  toward  the  steel  would  still  exist.  If  a  deck  had  already  been  exposed  to 
conventional  chloride  based  deicers  for  twenty  years,  the  chlorides  would  have  a  twenty 
year  head  start  on  the  inhibitor  molecules.  The  inhibitor  would  never  reach  the  steel  in 
time  to  be  effective,  unless  its  rate  of  diffusion  were  much  greater  than  chloride  diffusion. 
Thus,  even  if  the  inhibitors  were  shown  to  be  effective  on  reinforced  concrete,  the  use  of 
inhibited  deicers  would  likely  have  no  benefit  on  previously  deiced  bridges. 


2  Preliminary  Evaluation  Findings  for  Ice  Ban™,  CERF  Report  #40340,  Highway  Innovative  Technology  Evaluation 
Center,  1998. 
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5.2.2.2        Alternative  Tests  to  Assess  Deicer's  Effect  on  Reinforced  Concrete 

It  is  possible  that  the  current  corrosion  test  method  does  not  adequately  measure  the 
corrosion  performance  of  new  deicing  materials  in  reinforced  concrete  and  maybe  not  on 
exposed  steel  after  long  periods  of  time.  Field-performance  testing  on  real  bridges  may 
be  more  accurate  methods  of  assessing  the  corrosion  performance  of  new  deicers.  A 
quicker  and  more  appropriate  accelerated  corrosion  test  method  may  be  a  Wiss,  Janney, 
Elstner-type  time-to-corrosion  test  method.  In  this  test  the  proposed  deicing  products 
would  be  cyclically  applied  to  standard  reinforced  concrete  test  specimens  of  constant 
permeability  and  cover  depths,  while  monitoring  the  induced  corrosion  using  electrical 
test  methods  such  as  copper  sulfate  electrode  or  linear  polarization. 

5.2.3     Interstate  90  Test  Sections 

The  bridge  test  sites  involved  in  this  study  are  located  on  Interstate  90  west  of  Missoula. 
All  sites  are  within  a  sixty  miles  section  of  divided  highway  between  mileposts  0  and 
61.8.  Milepost  0  is  at  the  Idaho  border.  The  Saltese  District  of  MDT  provides 
maintenance  of  the  highway  between  mileposts  0  to  33.5,  while  the  Superior  District  of 
MDT  maintains  the  next  28  miles  of  highway  to  the  east.  The  Saltese  District  began 
using  magnesium  chloride  on  an  experimental  basis  in  about  1989.  while  the  Superior 
District  has  had  very  sparse  usage  of  the  product  during  the  past  two  mild  winters. 
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SECTION  6  CHLORIDE  TESTING  METHODOLOGY 


The  field  portion  of  this  study  involved  collecting  chloride  test  data  from  the  concrete  bridge 
decks  for  use  in  data  and  statistical  analysis.  The  testing  methodology  was  the  same  for  all 
bridges,  regardless  of  their  deicing  history.  The  data  collection  methods  are  described  in  the 
following  sections. 

6.1        DESCRIPTION  OF  FIELD  SAMPLING  METHODOLOGY 

The  first  step  in  the  process  involved  collecting  representative  powder  concrete  samples 
from  the  twenty  bridges  to  be  tested  in  the  laboratory  for  chloride  content. 

6.1.1  Traffic  Control  Safety 

■Worker  and  public  safety  were  top  priorities  in  the  field  portion  of  this  study.  An 
experienced  Montana  firm,  Alpine  Construction,  provided  traffic  control  in  conformance 
with  the  safety  regulations  of  MDT  for  the  purpose  of  creating  a  safe  work  zone  with 
minimal  disruption  to  the  public. 

Interstate  90  is  a  divided  highway  with  two  lanes  in  each  direction.  The  right,  or  truck, 
lane  was  closed  to  traffic  prior  beginning  testing.  The  lane  was  closed  using  approved 
methods  consisting  of  "candle-cone"  type  delineators,  several  construction  signs,  and  a 
gas  powered  arrow  board.  The  bridges  were  tested  on  one  direction  of  highway  at  a  time 
to  reduce  the  risk  of  accidents.  Testing  began  on  the  most  easterly  bridge  on  the 
westbound  direction,  and  the  work  proceeded  in  a  westerly  direction.  After  the  last 
westbound  deck  was  tested  the  crew  changed  directions  and  proceeded  to  test  bridges  on 
the  eastbound  lanes. 

The  traffic  control  crew  had  sufficient  signage,  manpower,  and  equipment  to  close  two 
bridge  sites  at  once.  They  prepared  the  next  work  zone  while  the  testing  crew  was 
finishing  their  work  on  the  previous  site.  This  leapfrog  technique  for  traffic  control  was 
used  to  increase  work  efficiency  by  reducing  waiting  time  for  traffic  control  to  be  set  up 
at  the  next  bridge  test  site. 

6.1.2  Preparation  for  Testing 

After  closing  the  right  lane  of  each  deck  to  traffic,  the  testing  crew  measured  the  deck 
dimensions.  The  crew  then  marked  a  4-ft.  by  4-ft.  (1.2  m  x  1.2  m)  grid  on  the  closed 
deck  lane.  The  grid  is  used  to  reference  test  locations  on  a  plan  view  of  each  deck. 
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6.1.3     Chloride  Test  Locations 

Accuracy  in  taking  the  chloride  content  test  samples  was  an  important  aspect  of  the  data 
collection  phase  of  the  project.  Test  locations  were  initially  establish  using  a  template, 
but  final  locations  met  the  following  criteria: 

■  The    concrete    deck/overlay    was    sound    and    of 
similar  condition  to  the  surrounding  concrete 

■  The  concrete  was  free  of  cracks 

■  The  concrete   was   not   delaminated.      Hammer- 
sounding  was  done  as  shown  in  Figure  6- 1 

■  If  the  site  involved  a  thin  polymer  wearing  surface, 
it  was  not  debonded  at  the  test  locations 

Initially,  representative  test  locations  were  marked  on 

the  plan  view  of  the  deck  in  the  same  basic  pattern  for  each  site.  Four  test  locations  were 

in  the  roadway  shoulder  and  four  more  were  in  the  right  lane,  right  wheel  path. 

The  pulverized  concrete  powder  samples  were  taken  at  several  depths  as  shown  in  Table 
6- 1 .  The  ranges  refer  to  the  test  sample  depth  from  the  surface. 


Table  6-1  Chloride  Content  Test  Depths 

Number 

Depth  Range  inch  (mm) 

Nominal  Depth  inch 
(mm) 

1 

0.25-0.75  (6-19) 

0.50  (13) 

2 

1.25-1.75(31-44) 

1.50  (38) 

3 

2.00-2.50(51-63) 

2.25  (56) 

4 

3.75-4.25  (94-106) 

4.00  (102) 

Test  samples  were  not  obtained  from  every  depth  at  every  test  location.    The  typical 
pattern  of  the  test  locations  is  outlined  in  Figure  6-2. 
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8 
7 
6 
5 

4 
3 
2 
1 

Location 
Number 

Nominal  Sample  Depths 
(inches) 

1 

0.50 

2 

0.50 

1.50 

2.25 

3 

0.50 

1.50 

2.25 

4 

0.50 

1.50 

5 

0.50 

1.50 

2.25 

6 

0.50 

1.50 

2.25 

4.00 

7 

0.50 

1.50 

2.25 

8 

0.50 

-  Test  Locations  1-4  are  in  the  right 

shoulder. 

-  Test  Locations  5-8  are  in  the  right 
(passenger)  wheel  path. 


Typical  Chloride  Sample  Locations  and  Depths  at  Each  Location 

Figure  6-2 

Samples  were  taken  as  follows: 

•  Eight  test  samples  at  0.50  in.  (12.5  mm)  nominal  depth, 

•  six  test  samples  at  1.50  in.  (37.5  mm)  nominal  depth, 

•  five  test  samples  at  2.25  in.  (57  mm)  nominal  depth, 

•  and  one  test  sample  at  4.00  in.  (102  mm)  nominal  depth. 

The  surface  depths  were  selected  to  allow  calculation  of  the  rate  at  which  chlorides  have 
been  diffusing  into  the  deck.  The  4  in.  (102  mm)  depth  provide  the  background  chloride 
content,  the  amount  of  chlorides  that  were  in  the  concrete  deck  from  the  time  of 
construction.  Background  chlorides  may  typically  originate  from  the  mixing  water,  the 
aggregates,  or  the  admixtures  used  in  the  concrete  mix.  Accurate  data  analysis  requires 
separating  the  externally  applied  chlorides  from  the  initial  internal  chlorides. 
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Half  the  test  samples  were  taken  from  the  right  wheel  path  and  the  other  half  from  the 
right  shoulder.  Montana  allows  vehicles  to  have  studded  snow  tires,  which  cause 
abrasive  deck  wear  in  the  wheel  paths.  It  was  postulated  that  extra  wheel  path  wear 
and/or  tire  pressure  might  result  in  higher  or  different  chloride  contents  in  wheel  paths 
as  opposed  to  non-wheel  path  locations. 

6.1.4    Sampling  Method 

Chloride  content  laboratory  tests  involve  pulverized  concrete  powder  samples.  Drilling 
into  the  deck  with  a  1V4"  (31  mm)  diameter  drill  bit  creates  the  powder  sample.  The 
large  diameter  bit  increases  the  volume  of  powder,  reducing  the  spread  in  sample  depth, 
and  increasing  the  accuracy  of  subsequent  analysis.  A  steel  rod  was  loosely  attached 
parallel  to  the  drill  bit  to  allow  accurate  measuring  of  the  test  sample  depths.  The 
exposed  length  of  rod  is  monitored  during  drilling.  The  rod  grows  in  length  as  the  drill 


Figure  6-4 


penetrates  the  deck  as  shown  in  Figures  6-3  and  6-4  above. 


The  pulverized  concrete  powder  was  collected  in  empty  film  canisters.  These  containers 
are  durable,  moisture  tight,  easy  to  label,  and  easy  to  transport.  They  contain  sufficient 
powder  to  allow  repeat  laboratory  testing  if  necessary. 
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The  laboratory  test  required  0.1   oz.  (3  g)  of  powdered  concrete,  but  the  project 

methodology  called  for  a  minimum  of  0.9  oz  (25 

g)  of  powder  in  case  repeat  laboratory  tests  were 

needed.     The  test  holes,  drill  bit,  and  sampling 

spoon  were  cleaned  with  compressed  air  after  each 

powder  sample  was  extracted,  as  shown  in  Figure 

6-5.    This  is  done  to  prevent  cross  contamination 

of  the  different  powder  samples. 

All  samples  were  labeled  with  the  bridge  name, 
test  date,  location  number,  and  sample  depth.  The 
samples  were  shipped  to  Levelton  Engineering 
Ltd.  in  Richmond,  British  Columbia,  Canada  for 
laboratory  testing.  Information  on  Levelton  is 
included  in  Section  6.2 


6.1.5     Reinforcing  Steel  Cover  Depth  Measurements 

Forty  to  sixty  rebar  cover  depths  were  measured  on 
each  deck  as  shown  in  Figure  6-6.  Larger  decks 
required  more  measurements.  The  readings  were 
taken  at  representative  deck  locations  on  the 
closed  traffic  lane.  Cover  depth  measurements 
were  also  taken  at  the  chloride  sample  locations  to 
be  used  in  subsequent  time  to  corrosion 
calculations. 

The  project  used  was  the  Protovale  CM  cover 


meter.  This  is  an  extremely  sensitive  instrument  that 
has  been  field  calibrated  and  verified  as  capable  of 
accurate  readings  at  depths  over  6  in.  (150  mm).  The 
meter  was  re-calibrated  every  six  to  ten  readings  (See 
Figure  6-7).  The  location  and  depth  measurements 
were  recorded  and  are  then  plotted  on  plan  view  deck 
diagrams.  A  typical  plan  view  drawing  is  shown  in 
Figure  6-9. 


Figure  6-7 
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6.1.6  Patching  the  Test  Holes  in  the  Deck 

The  test  holes  were  patched  with  Blue  Line 
Rapid-Patch,  a  fluid,  quick-setting,  ready-mixed 
patching  mortar.  With  the  small  sized  holes,  the 
material  was  mixed  in  small  quantities  in  a  pail 
and  then  poured  into  the  holes  (Figure  6-8). 
Independent  laboratory  tests  demonstrated  the 
good  durability  and  low  shrinkage  of  this 
material. 

6.1.7  De-Mobilization  of  Traffic  Control 


Figure  6-8 


After  completion  of  testing,  the  work  site  was 

cleaned,  traffic  delineator  cones  removed,  and 

traffic  control  signs  removed.    As  the  traffic  control  crew  dismantled  the  signs,  the 

testing  crew  traveled  to  the  next  bridge  site,  where  the  traffic  signs  were  already  in  place. 

6.2       LABORATORY  TESTING  OF  THE  CHLORIDE  SAMPLES 

In  order  to  maximize  the  accuracy  needed  for  this  study,  the  AASHTO  T-260  laboratory 
test  method  was  selected.  The  test  involves  dissolving  the  powder  sample  in  acid.  It 
measures  the  total  chlorides,  whether  free  to  move  or  chemically  combined.  The  test 
procedure  details  are  shown  in  Appendix  D.  The  test  method  involves  the  extraction  of 
chlorides  with  hot  nitric  acid,  filtration,  and  potentiometric  titration. 

6.2.1  Laboratory  Expertise 

Levelton  Engineering  Ltd.,  of  Richmond,  British  Columbia  completed  the  laboratory- 
testing  phase  of  the  project.  Levelton  was  recognized  for  their  high  staff  qualifications 
and  expertise.  Proposals  had  been  solicited  from  several  qualified  laboratories. 

6.2.2  Quality  Control 

Dr.  Tom  Guthrie  oversaw  the  laboratory-testing  phase.  Experienced  analytical  chemists 
did  the  laboratory  work.  Levelton  staff  performed  duplication  tests  every  ten  samples, 
and  would  re-test  all  ten  samples  if  the  duplication  test  result  were  out  by  more  than 
10%.  Reference  testing  was  done  every  twenty  samples.  This  is  where  a  laboratory 
prepared  aqueous  solution  with  a  known  chloride  concentration  is  tested  for  comparison. 
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SECTION  7  DATA  ANALYSIS  FINDINGS  AND  DISCUSSION 


7.1        INTRODUCTION 

This  section  describes  the  chloride  content  data  treatment,  findings,  and  discusses 
the  results.  A  detailed  description  of  the  statistical  analysis  is  included  in 
Appendix  A. 

Data  analysis  began  with  investigation  for  possible  trends.  Among  others,  these 
trends  included  comparing  the  following  chloride  content  data  sub-groups: 

•     wheel  path  versus  non-wheel  path, 

three  depths  measured  from  deck  surface, 

magnesium  chloride  anti-icing  versus  sodium  chloride  deicing  sites, 


• 


• 


•  chloride  diffusion  coefficients  calculated  on  decks  treated  with  magnesium 
chloride  anti-icer  versus  decks  treated  with  sodium  chloride  deicer 

•  repaired  versus  non-repaired  decks. 

The  statistical  analysis  investigated  the  accuracy  of  observed  data  trends. 
Statistical  analysis  was  done  on  both  the  chloride  content  test  data  and  on  the 
calculated  diffusion  coefficients  for  the  individual  bridges. 

7.1.1     Definitions  of  Statistical  Terms 

Much  of  the  remainder  of  this  section  describes  the  statistical  treatment  of  the 
data.  The  following  definitions  are  provided  for  clarification  purposes: 

•  Coefficient  of  variation  -  a  measure  of  the  relative  variation  of  the  data  points 

•  Confidence  interval  -  a  concept  used  to  measure  the  confidence  in  a 
conclusion,  as  in  "the  conclusion  is  accurate  19  times  out  of  twenty  (for  the 
95%  confidence  level)"; 


• 


Confirmatory  work  -  examination  of  conclusions  from  data  for  their  validity 
and  reliability;  involves  techniques  used  in  hypothesis  testing 

Exploratory  work  -  data  examination  for  trends  and  hypotheses 
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F-test  -  a  method  used  in  testing  data  hypotheses;  performed  to  compare  the 
standard  deviations  of  two  data  sets;  the  result  is  the  acceptance  or  rejection  of 
a  proposed  null  hypothesis. 

Histogram  -  a  graphical  frequency  distribution  of  the  test  data;  measures  the 
number  of  data  points  that  fall  between  any  given  interval;  gives  a  quick 
indication  of  whether  the  data  is  normally  distributed 

Hypothesis  testing  -  the  procedures  used  to  confirm  the  validity  of 
conclusions  from  data;  used  in  confirmatory  statistical  analysis 

Mean  -  arithmetic  mean,  the  average  value  of  a  group  of  data;  the  sum 
divided  by  the  number  of  data 

Normality  -  a  measure  of  the  realistic-ness  of  the  data  or  the  probability  that 
the  data  is  normally  distributed  and  representative 

Normal  distribution  -  a  probability  density  function  that  approximates  the 
distribution  of  many  random  variables;  the  'bell  curve';  the  normal  probability 
shape  of  data 

Normal  score  -  a  measure  of  the  observed  data  compared  to  the  idealized 
normal  data  distribution 


• 


Normal  scores  plot  -  a  plot  of  the  observed  data  against  the  idealized  normal 
distribution 

•  Null  hypothesis  -  a  statistical  hypothesis  to  be  tested  and  either  accepted  or 
rejected  in  favor  of  an  alternative.  The  hypothesis  that  an  observed  difference 
(as  between  the  means  of  two  data  samples)  is  due  to  chance  alone  and  not 
due  to  a  systematic  cause.  The  conclusion,  reached  through  exploratory 
investigation  of  data,  that  is  to  be  assessed  by  statistical  methods  for 
confirmation  of  its  validity. 

•  Regression  analysis  -  the  procedures  used  to  mathematically  express  the 
relationships  between  measured  data;  development  of  the  functional 
relationship  between  two  or  more  correlated  variables,  used  to  predict  one 
variable  from  knowledge  of  the  others. 

•  Residual  -  a  measure  of  the  closeness  of  real  data  to  a  best-fit  curve  from 
regression  analysis;  an  expression  of  the  error  in  the  fit  between  the  data  and 
the  mathematical  equation  at  any  point. 
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•  Skew-ness  -  a  measure  of  the  difference  from  normality  of  a  data  set;  lack  of 
symmetry  in  the  data  distribution  curve 

•  Standard  Deviation  -  an  expression  of  the  variance  in  a  data  set;  a  numerical 
measure  of  the  spread  or  frequency  distribution  in  the  data 

•  Transformation  -  a  method  used  to  re-shape  the  data  to  a  form  acceptable  for 
use  in  statistical  analysis  and  is  confirmatory  tests  for  hypothesis  testing 

•  Z-test   -   a   statistical    method    used    in    confirmatory    hypothesis    testing, 
performed  to  compare  the  averages  of  two  data  sets 

7.2        DATA  REFINEMENT 

7.2.1  Treatment  of  Field  Test  Data 

The  results  of  the  chloride  tests  performed  on  the  twenty  bridge  decks  are 
provided  in  Appendix  A-l.  The  chloride  levels  are  given  in  percent  (%)  of 
concrete  mass.  The  field  test  data  was  converted  into  conventional  units  of 
pounds  of  chloride  per  cubic  yard  of  concrete  (lb/yd  )  assuming  a  concrete  density 
of  3870  lb/yd3. 

7.2.2  Elimination  of  Data  Outliers 

It  should  be  noted  that  one  data  point  has  been  omitted  from  the  results  given  in 
Appendix  A-l.  The  result  measured  at  the  2.25in.  (56.3mm)  depth  along  the  right 
wheel  line  of  bridge  39+09912  was  omitted  during  a  first  pass  of  the  data  for 
errors.  The  chloride  level  of  that  data  point  was  an  order  of  magnitude  higher 
than  similar  points  and  was  removed  so  that  it  would  not  create  error  in  the 
statistical  analysis  of  the  data. 

7.2.3  Data  Adjustment  for  Background  Chlorides 

In  order  to  have  an  accurate  comparison  of  the  effects  of  different  deicer 
chemicals  on  bridge  decks,  a  correction  for  chlorides  present  in  the  concrete  prior 
to  deicer  chemical  exposure  was  made.  The  correction  for  these  non-diffused 
background  chlorides  is  described  in  the  following  section. 

7.2.3.1        Methodology 

Appendix  A-l  shows  one  chloride  reading  at  the  4.0in.  (102mm)  depth  for  each 
bridge.  The  intent  of  this  reading  was  to  establish  a  background  chloride  level  for 

7-3 

H  \PROJECTS\mi\7705400AM\Final  Rcporl\S«:l07  Jot 


Section  7  -  Data  Analysis  Findings  and  Discussion 


the  bridge.  This  background  chloride  level  is  due  to  chlorides  present  in  the 
concrete  at  time  of  construction  and  is  not  due  to  chloride  diffusion.  In  order  to 
assess  the  effect  of  chloride  diffusion  on  the  bridges  in  this  study  accurately,  the 
background  levels  were  removed  from  the  data  before  a  comparison  could  be 
completed.  However,  upon  first  examination  of  the  data  taken  at  the  4.0in. 
(102mm)-test  depth,  it  became  clear  that  these  readings  were  too  high  for 
chlorides  typically  found  in  concrete  during  construction.  This  meant  that  surface 
chlorides  had  infiltrated  the  4.0in.  (102mm)  depth  and  increased  the  chloride 
content  to  a  level  above  the  background  content.  In  order  for  the  data  to  be 
properly  adjusted,  the  background  level  would  have  to  be  calculated. 

To  calculate  the  background  chloride  levels  in  the  bridges,  the  effect  of  chloride 
migration  would  have  to  be  taken  out  of  the  readings  taken  at  the  4.0in.  (102mm)- 
depth.  This  first  involved  finding  the  chloride  content  at  the  4.0in.  (102mm)  level 
due  to  diffusion.  Fick's  Second  Law  was  applied  to  determine  the  chloride 
diffusion  at  the  4.0in.  ( 102mm)-depth.  First,  the  chloride  levels  for  each  bridge  at 
the  depths  0.5in.  (12.5mm),  1.5in.  (37.5mm)  and  2.25in.  (56.3mm)  were 
averaged.  Then,  a  diffusion  time  of  20  years  was  assumed  and  the  average 
chloride  level  at  the  0.5in.  (12.5mm)  depth  as  Co,  a  diffusion  coefficient  was 
calculated  for  both  the  0in.-1.5in.  (37.5mm)  depth  interval  and  the  0in.-2.25in. 
(56.3mm)  depth  interval.  These  two  values  of  Dc  were  then  averaged  to  get  an 
average  Dc  for  each  bridge.  A  diffusion  time  of  20  years  was  chosen  because  the 
Montana  Interstate  bridge  de-icing  program  began  in  1979.  The  use  of  the  C0.5 
chloride  level  as  Co  is  in  accordance  to  conventional  practice  established  in  the  C- 
SHRP  report  S-360. 

Using  an  average  Dc  for  each  bridge,  a  time  of  20  years  and  the  0.5in.  (12.5mm) 
value  as  Co,  a  chloride  level  at  the  4.0in.  (102mm)-test  depth  was  calculated  for 
each  bridge.  This  chloride  level  was  the  theoretical  amount  of  chloride  ions  that 
would  have  diffused  to  the  4.0in.  (100mm)  depth  over  a  period  of  20  years.  This 
value  was  then  subtracted  from  the  measured  chloride  level  at  the  4.0in.  (100mm) 
depth  to  determine  what  the  chloride  level  was  in  the  concrete  prior  to  diffusion  of 
surface  chloride,  i.e.  the  background  chloride  level. 

7.2.3.2        Background  Chloride  Results 

The  results  of  the  background  chloride  calculations  described  in  the  previous 
section  are  given  in  Appendix  A-2.  Overall,  background  chloride  levels  ranged 
from  0.00  to  0.58  lb/yd3  (0.34  kg/m3)  with  an  average  of  0.27  lb/yd3  (0.16  kg/m3) 
for  the  twenty  bridges.  The  chloride  data  corrected  for  the  average  background 
chloride  level  is  given  in  Appendix  A-3. 
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Note:  In  Appendix  A-2,  a  "Corrected  Dc"  is  highlighted.  When  the  background 
chlorides  were  computed  for  the  20  bridges,  three  instances  occurred  where  the 
chloride  level  calculated  due  to  diffusion  was  higher  than  the  actual  chloride 
reading.  This  caused  the  background  chloride  level  to  become  negative.  As  this 
is  a  physical  impossibility,  error  was  the  likely  cause  of  the  negative  calculation. 
Because  the  chloride  levels  were  measured  values,  the  most  likely  source  of  error 
in  the  background  chloride  calculation  was  the  accuracy  of  the  Dc  used  to 
determine  the  diffused  chloride  level.  In  order  to  provide  a  more  reasonable  value 
of  Dc,  it  was  assumed  that  these  three  bridges  had  background  chloride  levels 
equal  to  the  average  level  of  0.27  lb/yd3  (0.16  kg/m3).  The  background  level  of 
0.27  lb/yd3  (0.16  kg/m3)  was  then  subtracted  from  the  measured  chloride  level  at 
the  4.0in.  (102mm)  depth  to  give  the  chlorides  due  to  diffusion.  Using  the  0.5in. 
(12.5mm)  depth  chloride  levels  as  Co,  the  4.0in.  (102mm)  depth  chloride  levels 
(due  to  diffusion)  and  a  time  of  twenty  years,  the  corrected  values  of  Dc  shown  in 
Appendix  A-2  were  determined  for  the  three  bridges. 

7.2.4     Initial  Grouping  of  Data 

Data  grouping  is  done  for  the  purpose  of  investigating  trends  and  possible 
conclusions. 


A  total  of  400  chloride  data  points  were  measured  for  the  20  bridges  tested.  The 
data  points  were  first  grouped  by  the  type  of  bridge  deicing  exposure,  either 
magnesium  chloride  treated  or  sodium  chloride  treated.  The  data  was  then  broken 
down  into  tests  points  along  the  shoulder  of  the  driving  surface  (sample  points  1 , 
2,  3  and  4)  and  points  along  the  right  wheel  line  (sample  points  5,  6,  7  and  8). 

Chloride  Concentration  vs.  Depth  for  Bridge  29+03682 
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Figure  7-1  -  Typical  Profile  of  Measured  Chloride  Levels 
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The  significance  of  this  separation  is  very  clear  when  the  chloride  profile  shown 
in  Figure  7-1  is  examined.  Figure  7-1  shows  a  chloride  profile  typical  of  the 
twenty  test  sites. 

In  all  twenty  bridges  the  chloride  levels  along  the  right  wheel  line  are  at  least  two 
times  greater  than  the  levels  along  the  shoulder.  By  separating  the  data  in  this 
manner,  the  significant  difference  in  the  two  test  lines  is  preserved  in  the 
statistical  analysis.  The  chloride  profiles  for  the  twenty  bridge  decks  are  given  in 
Appendix  A-4.  Finally,  the  data  was  separated  by  test  depth  0.5  in.  ( 12.5  mm), 
1.5  in.  (37.5  mm)  and  2.25  in.  (56.3  mm). 

This  arrangement  of  the  data  resulted  in  18  data  groups  of  sample  sizes  ranging 
from  6  data  points  to  36  data  points.  These  data  groups  were  then  evaluated  using 
the  statistical  methods  described  in  the  Section  7.4. 

7.3        CALCULATION  OF  DIFFUSION  COEFFICIENTS 

Because  chlorides  in  concrete  migrate  due  to  diffusion,  the  parameters  describing 
diffusion  must  be  determined.  The  diffusion  coefficient  of  the  concrete  quantifies 
the  concrete's  permeability  to  chlorides.  In  order  to  more  fully  understand  the 
effects  of  magnesium  chloride  and  sodium  chloride  deicers  on  concrete  bridge 
decks,  diffusion  coefficients  were  calculated.  While  average  diffusion  coefficients 
were  calculated  to  determine  background  chloride  levels  (see  Section  7.2.2),  it 
was  decided  that  more  rigorous  calculations  were  required  for  the  comparison  of 
diffusion  coefficients.  The  following  sections  describe  the  steps  taken  to  calculate 
the  diffusion  coefficients  of  the  bridges  tested  in  a  more  rigorous  manner. 

7.3.1     Methodology 

Fick's  Second  Law  of  Diffusion  (see  Section  4)  was  used  to  determine  the 
diffusion  coefficients  for  the  magnesium  chloride  and  sodium  chloride  bridges.  In 
order  to  calculate  a  diffusion  coefficient  (Dc)  using  Fick's  Second  Law,  a  driving 
chloride  level  (Co)  at  the  surface  and  a  chloride  level  at  a  specific  depth  and  time 
(Cd.t)  are  required.  In  this  study  it  was  assumed  that  the  chloride  levels  measured 
at  the  0.5in.  (12.5mm)  depth  would  provide  a  reasonable  approximation  of  Co  in 
the  calculation  of  Dc.  This  assumption  is  in  accordance  to  conventional  practice 
established  in  the  C-SHRP  report  S-360. 

To  produce  a  sufficient  number  of  diffusion  coefficients  for  statistical  analysis, 
diffusion  coefficients  were  calculated  for  each  test  hole  drilled.  At  each  hole,  two 
values  of  Dc  were  calculated.    The  first  value  of  Dc  was  calculated  using  the 
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corrected  chloride  level  at  the  1.5in.  (37.5mm)  depth  and  the  second  value  of  Dc 
was  determined  using  the  corrected  chloride  level  at  the  2.25in.  (56.3mm)  depth. 
In  both  cases,  it  was  assumed  that  chloride  diffusion  had  been  occurring  for  the 
past  20  years  (when  salting  of  Montana  Interstate  bridge  decks  began).  An 
average  Dc  at  the  1.5in.  (37.5mm)  and  2.25in.  (56.3mm)  depths  was  then 
determined  to  give  an  overall  Dc  for  each  test  hole.  As  with  the  chloride  data,  the 
calculated  Dc  values  were  divided  by  bridge  deicing  type  (magnesium  chloride  vs. 
sodium  chloride)  and  then  by  test  line  (shoulder  vs.  right  wheel).  This  grouping 
gave  a  range  of  24  to  27  average  Dc  values  in  each  category.  This  quantity  of  data 
points  was  considered  adequate  for  accurate  statistical  analysis. 

7.3.2     Diffusion  Results 

Appendix  A-5  tabulates  the  values  of  Dc  calculated  using  the  procedure  outlined 
in  Section  7.3.1.  The  Dc  values  are  given  in  in7yr  and  are  provided  for  the  Oin.- 
1.5in.  (0mm-37.5mm)  depth  interval,  the  0in.-2.25in.  (0mm-56.3mm)  depth 
interval  and  an  average  Dc  of  the  two  depth  intervals. 

7.4        DATA  ANALYSIS  FINDINGS 

The  results  of  the  statistical  analysis  of  the  measured  chloride  data  and  the 
calculated  diffusion  coefficients  that  were  discussed  in  the  Appendix  and 
summarized  below  will  later  be  applied  to  determine  the  effect  on  the  service 
lives  of  bridges  treated  with  magnesium  chloride  anti-icer.  The  times  to  corrosion 
will  be  calculated  and  compared  for  bridges  exposed  to  magnesium  chloride  anti- 
icer  and  sodium  chloride  deicer.  Refer  to  Section  10  of  this  report  for  these 
results. 

The  major  findings  from  the  data  analysis  are  summarized  below: 

•  Based  on  the  overall  chloride  content  test  data,  tests  taken  at  different  depths 
in  and  below  the  wheel  paths  averaged  243%  higher  than  tests  measured 
outside  the  wheel  paths.  This  trend  occurred  regardless  of  the  type  of  deicer 
chemical  used,  with  no  significant  difference  between  the  two  chemicals. 


• 


• 


Chloride  contents  measured  at  a  depth  of  0.5  in.  (12.5  mm)  below  the  deck 
surface  on  bridges  treated  with  magnesium  chloride  anti-icer  from  1989  to 
1998  averaged  18%  higher  than  on  bridges  treated  with  sodium  chloride 
deicers  from  the  same  time  period. 

Chloride  contents  measured  in  the  wheel  paths  at  a  depth  of  1.5  in.  (37.5mm) 
below  the  deck  surface  on  bridges  treated  with  magnesium  chloride  anti-icer 


7-7 

H  \PROJECTS\int\7705400W\Final  RepomScctO?  doc 


Section  7  -  Data  Analysis  Findings  and  Discussion 


from  1989  to  1998  averaged  78%  (1.42  lb/yd3)  higher  than  on  bridges  treated 
with  sodium  chloride  deicers  from  1989  to  1998.  The  range  in  the  difference 
was  between  31%  to  125%  higher  for  bridge  decks  exposed  to  magnesium 
chloride  anti-icer. 

•  Chloride  contents  measured  in  the  wheel  paths  at  a  depth  of  2.25  in.  (56.3mm) 
below  the  deck  surface  on  bridges  exposed  to  magnesium  chloride  anti-icer 
from  1989  to  1998  averaged  185%  (0.61  lb/yd3)  higher  than  on  bridges 
exposed  to  sodium  chloride  deicers  from  1989  to  1998.  The  range  in  the 
difference  was  between  48%  to  321%  higher  for  bridge  decks  exposed  to 
magnesium  chloride  anti-icer. 

•  The  calculated  chloride  diffusion  coefficients  in  the  wheel  paths  on  bridges 
exposed  to  magnesium  chloride  anti-icer  from  1989  to  1998  averaged  120% 
(0.048  in. "/year)  higher  than  on  bridges  exposed  to  sodium  chloride  deicers 
from  1989  to  1998.  The  range  in  the  difference  was  between  60%  to  180% 
higher  for  bridge  decks  exposed  to  magnesium  chloride  anti-icer. 

Of  interest  is  the  fact  that  the  chloride  data  measured  at  various  depths  from  the 
deck  surface  in  areas  outside  the  wheel  paths  did  not  show  the  substantial 
differences  reported  above.  The  data  shows  that  magnesium  chlorides  diffuse 
more  rapidly  through  concrete  than  sodium  chlorides,  reach  the  level  of  the  steel 
reinforcing  more  quickly,  and  initiate  corrosion  more  quickly,  thereby  reducing 
the  service  life  of  the  exposed  bridge  concrete.  Since  deterioration  is  more 
significant  when  it  occurs  in  the  wheel  path  than  outside  the  wheel  path,  the  more 
rapid  diffusion  of  chlorides  in  the  wheel  path  significantly  reduces  the  service  life 
of  the  bridges  exposed  to  magnesium  chloride  anti-icers. 

The  theory  behind  the  statistical  methods  used  in  this  study  is  provided  in 
Appendix  A  for  the  reader's  interest. 

7.5        DISCUSSION  OF  RESULTS 

The  following  were  fundamental  aspects  of  the  design  of  this  project: 

•  a  sufficiently  large  amount  of  accurately  sampled  and  measured  test  data  was 
needed  to  provide  confidence  to  the  findings  and  conclusions. 


• 


test  data  was  taken  at  representative  locations  of  sound,  non-cracked  concrete 
to  assist  in  obtaining  data  that  was  representative  of  each  deck  typical 
conditions. 
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•  the  group  of  test  bridges  had  to  be  large  enough  to  eliminate  any  possible 
anomalies  due  to  irregular  site  or  application  conditions.  That  is,  the  number 
of  decks  was  large  enough  to  recognise  if  any  individual  deck  data  was  not 
representative  of  the  group. 

The  early  data  analysis  consisted  of  checking  the  data  from  the  entire  group  as 
well  as  from  individual  bridges  for  outliers  or  non-representative  data  that  should 
be  dropped  from  the  analysis.  The  data  was  grouped  in  many  ways  and  the  data 
distributions  and  standard  deviations  of  various  groupings  were  analyzed  and 
compared  for  this  purpose.  Overall,  the  data  was  found  to  be  exceptionally  sound 
for  proceeding  with  further  analysis. 

7.5.1  Wheel  Path  Compared  to  Non-Wheel  Path  Findings 

A  total  of  four  hundred  chloride  tests  were  taken  for  this  study.  Two  hundred 
powdered  concrete  samples  were  taken  from  the  right  wheel  path  and  another  two 
hundred  samples  from  the  right  shoulder  area  outside  the  wheel  path  near  the 
gutterline  where  sand  and  chemicals  tend  to  accumulate  from  traffic.  The 
extreme  difference  in  the  data  taken  from  the  two  areas  was  a  surprise,  but  from 
the  size  of  the  dataset,  the  findings  appear  conclusive.  The  higher  wheel  line 
chlorides  occurred  regardless  of  whether  magnesium  chloride  or  sodium  chloride 
treatments  were  used. 

7.5.2  Surface  Chloride  Findings  for  Magnesium  versus  Sodium  Chloride  Sites 

Two  hundred  chloride  tests  were  taken  on  each  of  the  two  groups  of  decks, 
magnesium  chloride  treated  versus  sodium  chloride  treated.  Eighty  tests  were 
taken  on  each  of  the  two  groups  at  the  Vt  inch  or  surface  depth. 

Subsequent  to  the  initial  data  analysis,  additional  information  became  available  on 
the  Interstate  90  test  site  locations.  This  information  requires  further  discussion  in 
relation  to  the  data  analysis  conclusions. 

7.5.2.1        Differences  in  Performance  Variables  at  Test  Bridge  Sites 

When  the  project  was  in  the  formative  stage,  it  was  thought  that  most  of  the 
performance  influencing  site  conditions  were  similar  for  both  the  Saltese  and 
Superior  Districts,  the  sections  of  Interstate  90  where  the  bridges  had  been 
sampled  for  chloride  contents.  The  Saltese  District  had  been  treated  with 
magnesium  chloride  and  the  Superior  District  had  been  treated  with  conventional 
sodium  chloride  deicers.  Similarity  in  the  site  conditions  would  allow  an  'apples 
to  apples'  comparison  of  the  chloride  test  data  from  the  two  different  chemically 
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treated  sections  of  road.  Subsequent  to  the  field  sampling,  however,  discussions 
with  MDT  brought  to  light  the  fact  that  the  two  sections  of  Interstate  90,  while 
similar  in  AADT,  have  differences  in  weather  conditions.  Even  though  they  are 
on  the  same  stretch  of  highway,  the  Saltese  District  bridges  are  generally  located 
in  an  area  of  higher  elevation,  average  snowfall  and  precipitation  than  the 
conventionally  treated  bridges  from  the  adjacent  Superior  District.  These 
differences  were  supported  by  MDT  data  on  snow-plough  miles,  as  well  as 
amounts  of  sand  and  chemicals  used  on  different  districts  during  the  winters  of 
1993  and  1994.  The  application  data  showed  that  the  Saltese  District  roads  had 
received  much  greater  amounts  of  chemical  treatment  than  the  Superior  District 
roads.  So  the  question  arise  as  to  whether  the  variations  in  climate  and  chemical 
application  rate  would  have  affected  the  data  analysis  conclusions,  and  if  so,  by 
how  much.  In  other  words,  were  the  two  groups  of  bridges  sufficiently  similar  in 
the  important  aspects  that  influence  chloride  absorption,  that  comparison  of  their 
chloride  test  data  would  allow  valid  conclusions  to  be  drawn  regarding  the  effects 
of  the  two  chemicals? 

7.5.2.2       Does  Higher  Chemical  Application  Rate  Mean  Higher  Chlorides? 

The  weather  data  was  somewhat  lacking  due  to  lack  of  appropriately  located 
weather  stations.  Information  from  the  road  staff  suggests  that  the  magnesium 
chloride  treated  Saltese  bridges  receive  higher  amounts  of  precipitation  and  snow 
than  the  Superior  District  bridges. 

With  higher  amounts  of  chlorides  applied  to  decks  in  otherwise  similar 
conditions,  it  would  seem  logical  to  have  higher  chloride  contents  absorbed  in  the 
decks.  An  exception  to  this  principle  has  been  noted  by  test  laboratories  that  do 
accelerated  time-to-corrosion  testing,  in  which  it  has  been  found  that  more  rapid 
chloride  absorption  results  from  periodically  allowing  the  concrete  to  dry  out 
between  chemical  applications.  Apparently,  chlorides  are  absorbed  more  quickly 
at  the  concrete  surface  when  the  concrete  is  in  a  drier  condition  than  when  wet. 
The  mechanism  of  absorption  is  termed  capillary  absorption  or  sorptivity.  The 
driving  force  is  the  suction  caused  by  fluid  surface  tension.  So  the  amount  of 
chlorides  applied  does  not  necessarily  correlate  to  the  amount  of  chlorides  that  are 
absorbed  into  concrete  if  other  conditions  are  not  the  same.  Extra  water  during 
heavy  application  of  magnesium  chloride  may  tend  to  flush  out  chlorides  rather 
than  promote  higher  absorption.  A  key  issue  here  involves  the  combination  of 
site  conditions  that  would  affect  the  rate  of  chloride  absorption. 

So  is  this  a  situation  where  higher  amounts  of  chlorides  are  applied  to  decks  in 
similar  conditions  where  it  logical  to  have  higher  chloride  contents  absorbed  in 
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the  decks?  Perhaps  the  answer  is  related  to  the  acknowledged  difference  in 
precipitation  on  the  two  sections  of  road.  Discussion  with  MDT  indicated  that  the 
rainfall  at  the  start  of  Saltese  was  about  60  inches  per  year  while  the  average  on 
the  Superior  District  was  about  half  of  that. 

What  can  we  learn  from  the  test  data  regarding  the  reported  heavier  chemical 
treatments  applied  to  the  Saltese  District  bridges? 

7.5.2.3        Insights  from  the  Surface  Test  Data 

There  are  reasons  why  general  engineering  practice  calls  for  the  surface  chloride 
concentrations  to  be  measured  at  the  Vi  inch  depth  rather  than  at  the  actual  deck 
surface.  The  reasons  include  the  fact  that  the  surface  chloride  readings  tend  to 
fluctuate  significantly  throughout  the  course  of  the  year.  Chlorides  are  only 
applied  in  winter,  but  for  safety  reasons  they  are  measured  in  summer.  After 
application  chlorides  sit  on  the  surface,  dilute  as  snow  and  ice  are  melted,  and 
some  are  absorbed  into  the  deck,  while  others  are  carried  off  the  deck  by  runoff. 
The  at-surface  chloride  content  gradually  builds  up  each  winter  and  then 
decreases  during  the  following  summer.  Each  year  the  at-surface  chlorides 
increase,  gradually  approaching  a  limit,  that  is  related  to  the  amounts  applied  and 
site  conditions.  In  warm  wet  periods,  or  summer,  chlorides  diffuse  out  of  the 
deck  and  are  flushed  away  from  the  surface  by  rain.  So  the  reason  that  surface 
chlorides  are  measured  at  the  Vi  inch  depth  is  that  the  concentrations  are  more 
stable  there  throughout  the  course  of  the  twelve  months. 

At  the  Vi  inch  depth,  there  is  much  less  seasonal  fluctuation  in  chloride  content. 
The  chloride  content  at  the  Vi  inch  depth  tends  to  progressively  build  up  over  long 
periods  of  time,  then  acting  as  the  driving  force  for  the  mechanism  of  chloride 
diffusion.  So  measurements  taken  at  the  Vi  inch  depth  are  not  affected  as  much  by 
the  time  of  year  tested. 

The  measured  chloride  content  at  Vz  inch  depth  was  an  average  18%  higher  for  the 
magnesium  chloride  treated  decks  in  the  Saltese  District  than  that  in  the  adjacent 
Superior  District.  Considering  the  much  higher  difference  in  the  amounts  of 
chemicals,  sand,  and  miles  plowed  for  the  two  districts,  18%  difference  in 
chloride  content  is  not  substantial,  and  was  not  considered  to  be  statistically 
significant.  That  is,  the  difference  in  the  surface  chlorides  could  be  due  to  the 
normally  expected  ranges  in  the  two  sets  of  test  data.  The  significant  differences 
in  chloride  content  on  the  two  groups  of  decks  occurred  at  deeper  depths,  and  the 
amount  of  difference  increased  with  depth. 
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Regardless  that  more  chemicals  were  applied  on  the  Saltese  District,  the  measured 
test  data  shows  that  the  amounts  of  chlorides  absorbed  into  the  surfaces  for  the 
two  sets  of  decks  has  been  similar.  The  amount  of  test  data  should  be  sufficient 
for  accuracy.  100  tests  were  taken  at  surface  depth  for  each  of  the  two  sets  of 
data,  and  the  evidence  from  these  200  test  samples  supports  the  conclusion  that 
similar  amounts  of  chlorides  had  penetrated  each  group  of  decks.  While  the 
diffusion  rates  for  the  two  groups  of  decks  were  found  to  be  significantly 
different,  this  was  not  caused  by  higher  surface  chloride  concentrations. 

7.5.3     Deeper  Chloride  Findings 

Magnesium  chloride  treated  decks  were  found  to  have  significantly  higher 
chloride  contents  in  the  wheel  paths  at  deeper  than  surface  depth,  and  the 
difference  increased  with  depth.  They  were  also  found  to  have  significantly 
higher  calculated  diffusion  coefficients.  These  findings  were  made  from  analysis 
of  two  groups  of  120  tests  on  twenty  different  bridges.  One  group  was  at  below- 
surface  depth  in  the  wheel  path  and  the  other  group  was  from  outside  the  wheel 
path. 

Why  did  the  magnesium  chloride  sites  not  have  substantially  higher  deep 
chlorides  in  the  non-wheel  path  locations?  Why  was  there  a  difference  in  the 
diffusion  rates  on  magnesium  chloride  treated  bridges  depending  on  wheel-path 
versus  non-wheel-path?  The  non-wheel  path  test  data  was  taken  from  the  right 
shoulder  area,  right  of  the  shoulder  stripe,  near  the  gutter-line  where  sand  and  de- 
icing  chemicals  tend  to  accumulate  from  traffic.  These  are  areas  where  high 
chloride  contents  are  often  expected  due  the  deck  drainage  characteristics.  The 
apparent  cause  of  the  different  diffusion  rates  between  the  two  types  of  treated 
decks  would  appear  to  be  related  to  higher  moisture  contents  in  the  wheel  paths 
when  magnesium  chloride  is  used  as  an  anti-icing  treatment.  Magnesium  chloride 
appears  to  attract  and  hold  moisture  in  the  concrete. 

7.5.3.1        Insights  from  Non- Wheel  Path  Test  Data 

In  analyzing  the  test  data  findings  two  possible  explanations  for  the  higher 
chloride  contents  at  deeper  concrete  depths  are: 

•     either  the  Saltese  District  bridge  decks  had  been  treated  with  chloride 
deicers  for  a  longer  time  period  than  the  Superior  District  decks 


• 


or  the  Saltese  District  decks  had  received  much  greater  amounts  of 
chlorides  due  to  heavier  snowfall  than  the  Superior  District  decks. 
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The  problem  with  these  explanations  is  that  the  non-wheel  path  test  data  did  not 
show  a  significant  between  magnesium  chloride  treated  and  sodium  chloride 
treated  decks.  If  either  of  the  two  hypotheses  shown  above  were  true  then  the 
non-wheel  path  data  would  have  showed  the  same  trends.  In  other  words,  the 
non-wheel  path  data  would  have  also  been  much  higher  at  the  deeper  concrete 
depths. 

What  the  test  data  does  indicate  is  that  there  is  some  difference  in  the  wheel  paths 
that  is  related  to  the  magnesium  chloride  treatment  that  causes  much  more  rapid 
diffusion  of  chlorides  at  only  those  locations.  For  bridges,  the  wheel  path 
locations  happen  to  be  the  most  critical  locations  in  regards  to  the  bridge  deck 
service  lives.  This  is  because  potholes  and  corrosion  damage  is  most  critical  in 
the  wheel  paths,  where  traffic  safety  is  most  affected. 
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SECTION  8  EFFECTIVENESS  OF  DECK  REPAIRS 


8.1  PURPOSE 

As  an  aside  to  the  main  purpose  of  this  study,  this  section  attempts  to  evaluate  the 
effectiveness  of  several  previously  installed  bridge  deck  repairs.  Since  the  general 
purpose  of  deck  repairs  is  to  save  public  funds  by  extending  the  deck  service  life,  the 
chloride  test  data  is  herein  analyzed  for  that  purpose.  Three  interstate  bridges  that 
received  deck  repairs  in  1993  were  tested  in  this  project  for  their  current  chloride  levels. 

The  chloride  profiles  of  these  bridges  are  provided  in  Section  7  as  Figure  7-3-1. 

8.2  REPAIR  TYPES 

Bridges  45  +  01802  and  57  +  04722  received  polymer  deck  overlays  in  1993  while  bridge 
53  +  07232  had  a  1.25"  (32mm)  latex  concrete  overlay  placed  on  the  deck  after  0.25" 
(6.3mm)  of  the  original  concrete  had  been  removed  in  1993. 

8.2.1     Polymer  Overlays 

Past  studies  of  polymer  overlays  have  concluded  that  the  "effective  life"  of  the  polymer 
overlay  repair  typically  ranges  from  twelve  to  fifteen  years.  However,  if  the  polymer 
overlay  is  not  properly  installed  or  installed  at  the  wrong  time  in  the  bridge's  life,  the 
effective  life  of  the  repair  may  be  reduced.  The  life  of  the  repair  is  defined  by  the 
duration  that  the  repair  impedes  growth  of  active  corrosion  of  the  rebar.  With  polymer 
overlays,  this  is  accomplished  in  two  ways.  First,  the  overlay  prevents  the  replenishment 
of  the  driving  chloride  level  at  the  surface.  Co  begins  to  decrease  when  the  overlay  is 
place  and  continues  to  decrease  until  sufficient  deterioration  of  the  overlay  allows 
chlorides  to  resume  migration  from  the  surface.  Second,  the  overlay  reduces  the  moisture 
in  the  concrete.  This  decreases  both  the  diffusion  rate  of  chlorides  into  the  concrete  and 
the  electrical  conductivity  of  the  deck.  At  the  end  of  the  life  of  the  repair,  cracking  and 
debonding  of  the  polymer  is  sufficient  to  allow  moisture  and  chlorides  to  penetrate  the 
concrete  again.  Approximately  five  years  after  the  chlorides  begin  to  penetrate  the 
concrete  again,  Co  reaches  a  level  close  to  that  at  the  surface  level.  In  addition,  with  the 
moisture  penetrating  the  concrete,  the  Dc  of  the  concrete  regains  its  original  level.  At  this 
point,  diffusion  carries  on  as  it  did  before  the  polymer  overlay  was  added.  Essentially, 
the  polymer  overlay  increases  the  service  life  of  the  bridge  by  putting  chloride  diffusion 
on  hold  for  the  life  of  the  polymer  layer. 
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8.2.2     Latex  Concrete  Overlays 

Latex  concrete  overlays  behave  somewhat  differently  than  the  polymer  overlays  described 
in  the  previous  section.  Latex  concrete,  typically,  is  less  permeable  than  conventional 
concrete.  However,  the  difference  between  the  two  depends  on  quality;  lower  quality 
latex  concrete  may  have  a  similar  permeability  as  higher  quality  conventional  concrete. 
By  lowering  the  permeability  of  the  concrete,  the  diffusion  of  chlorides  is  slowed  down. 
Secondly,  the  latex  overlay  is  usually  at  least  1.25  in.  (32mm)  thick  and  placed  on  top  of 
the  existing  concrete.  By  doing  this,  the  Q  that  was  driving  diffusion  in  the  existing 
concrete  is  virtually  sealed,  as  was  the  case  with  polymer  overlays.  Without 
replenishment  of  Co  in  the  old  concrete,  chloride  levels  increase  much  slower.  Since 
latex  concrete  is  not  impermeable,  chloride  diffusion  does  occur  in  the  overlay. 
Eventually,  chlorides  at  the  overlay  to  existing  concrete  transition  reach  equilibrium  and 
chloride  diffusion  in  the  existing  concrete  increases.  This  process  occurs  over  a  longer 
period  of  time  than  in  a  normal  concrete  deck,  thus  increasing  service  life. 

8.3       DETERMINING  THE  EFFECTIVENESS  OF  REPAIRS 
8.3.1     End  of  Service  Life 

To  determine  the  effectiveness  of  the  deck  repairs  completed,  the  effect  of  the  repairs  on 
the  service  lives  of  the  three  bridges  was  examined.  To  do  this,  several  steps  and 
assumptions  were  made.  First,  the  end  of  service  life  had  to  be  defined.  It  is  generally 
accepted  that  corrosion  of  rebar  begins  when  the  chloride  level  in  the  concrete  at  rebar 
depth  reaches  1.2  lb/yd"  (0.71  kg/m  ).  From  past  experience,  it  has  been  seen  that  the  end 
of  service  life  typically  occurs  at  a  point  in  time  when  the  chloride  level  at  the  rebar  depth 
is  approximately  three  times  the  threshold  level,  (i.e.  3.6  lb/yd  ).  Therefore  in  defining 
the  end  of  service  life,  a  chloride  level  of  3.6  lb/yd"  at  the  rebar  level  was  assumed.  This 
assumption  must  be  interpreted  with  some  discretion,  however.  While  it  has  been 
observed  that  chloride  levels  of  3.6  lb/yd'  (2.13  kg/m  )  occur  at  the  end  of  service  life, 
one  must  be  aware  that  corrosion  is  initiated  at  1.2  lb/yd3  (0.71  kg/m3).  Therefore,  if 
chloride  levels  were  maintained  at  1.2  lb/yd3  (0.71  kg/m3),  sufficient  corrosion  would 
eventually  end  the  service  life  of  the  bridge.  A  second  assumption  made,  for  simplicity, 
was  that  the  rebar  was  located  at  a  depth  of  2  in.  (50mm)  of  the  original  concrete.  This 
assumption  is  valid  for  the  polymer  repaired  bridges,  given  that  their  average  rebar  cover 
depths  were  measured  at  2.0  and  2.2  in.  (50  and  56mm)  respectively.  In  the  case  of  the 
bridge  deck  with  latex  concrete  overlay,  the  measured  rebar  depth  was  3.6  in.  (92mm). 
This  is  because  0.25  in.  (6.3mm)  of  the  original  cover  was  removed,  but  1.25  in.  (32mm) 
of  latex  concrete  was  added,  resulting  in  a  net  increase  in  deck  thickness  of  1.0  in. 
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(25mm).  With  these  two  assumptions,  a  point  on  the  chloride  profile  graph  can  be  plotted 
that  identifies  the  approximate  end  of  service  life  of  the  bridge. 

With  the  end  of  service  life  established,  a  base  case  for  comparison  of  service  lives  had  to 
be  established.  The  base  case  was  the  service  life  of  each  bridge  if  repairs  had  never  been 
done  on  them. 

8.3.2  Projected  1999  Chloride  Profiles  Without  Repairs 

To  establish  a  base  case  for  each  bridge,  the  service  life  of  the  bridge  if  it  had  not 
received  repairs  had  to  be  determined.  To  do  this,  a  chloride  profile  of  the  non-repaired 
bridge  after  20  years  of  salting  (in  1999)  had  to  be  generated.  Several  simplifying 
assumptions  were  then  made  in  order  to  create  this  profile.  First,  the  chloride  levels 
along  the  shoulder  and  wheel  path  (blue  and  red  lines/data  points  on  Figure  7-3-1)  were 
averaged  to  give  one  chloride  profile  for  each  bridge.  Second,  since  the  repaired  bridges 
were  de-iced  with  NaCl,  the  average  surface  chloride  level  (Co)  and  diffusion  coefficient 
(Dc)  for  the  non-repaired,  NaCl  treated  bridges  (analyzed  in  Section  7)  were  calculated. 
Using  C0  =  5.53  lb/yd3,  Dc  =  0.07  in2/yr  and  a  time  of  twenty  years,  Fick's  Second  Law 
was  used  to  calculate  the  chloride  concentration  versus  depth  for  a  typical  NaCl  treated 
bridge.  These  theoretical  profiles  were  then  compared  to  the  actual  profiles  of  the 
repaired  bridges  to  see  if  the  assumptions  gave  plausible  results. 

For  bridges  45  +  01802  and  53  +  07232,  the  theoretical  curves  seemed  reasonable. 
However,  for  bridge  57  +  04722,  the  theoretical  curve  did  not  seem  reasonable.  The 
theoretical  curve  for  this  bridge  gave  a  chloride  profile  that  was  lower  in  magnitude  than 
the  actual  curve.  Since  polymer  overlays  will  always  decrease  chloride  levels  to  some 
extent  if  they  are  in  reasonable  condition,  the  assumed  values  of  Co  and  Dc  were 
incorrect.  Using  the  actual  Co  of  the  repaired  bridge  (4.5  lb/yd3),  it  was  estimated  that  the 
polymer  overlay  had  reduced  surface  chlorides  by  approximately  25%  over  the  past  6 
years.  Thus  if  the  overlay  had  not  been  placed,  Co  would  have  been  6.0  lb/yd3.  Given  the 
drop  in  chlorides  with  depth  for  the  repaired  bridge,  it  was  assumed  that  a  Dc  higher  than 
0.07  in"/yr  actually  existed  for  this  bridge.  Several  values  of  Dc  were  used  and  a  Dc  of 
0. 12  in2/yr  appeared  to  be  the  best  fit.  The  theoretical  and  actual  chloride  profiles  in  1999 
are  given  in  Figures  8-1-1  to  8-1-3. 

8.3.3  Projected  Service  Lives  Without  Repairs 

To  determine  the  end  of  service  life  for  the  theoretical  profiles,  the  time  when  the 
chloride  level  at  the  2.0  in.  (50mm)  depth  reached  3.6  lb/yd3  had  to  be  calculated  for  the 
polymer  repaired  bridges  and  at  the  3.6  in.  (92mm)  depth  for  the  latex  repaired  bridge. 
Again,  this  is  accomplished  by  using  Fick's  Second  Law.  To  calculate  the  time,  the 
values  of  Co  and  Dc  at  the  time  in  question  must  be  known.    It  is  reasonable  to  assume 
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that  Dc  is  relatively  constant  over  time,  therefore  the  values  of  Dc  given  in  the  previous 
section  were  used.  However  in  this  study,  it  has  been  found  that  Co  tends  to  change  over 
time. 

Typically  when  a  bridge  is  first  salted,  it  takes  several  years  for  the  chloride  levels  just 
below  the  concrete  surface  to  build  up  to  the  concentration  of  the  salting.  If  the  levels  of 
salting  are  constant,  the  Co  versus  time  curve  flattens  out  as  time  progresses.  However,  in 
the  case  of  Montana  interstate  bridges,  it  has  been  observed  that  salting  levels  have 
increased  over  time  (see  Section  5).  Thus,  this  curve  does  not  flatten  out,  it  increases 
over  time  as  the  salting  levels  increase.  Using  average  values  of  C0  calculated  in  this 
study  for  bridges  20  years  or  younger,  the  buildup  and  growth  of  Co  over  time  was 
plotted.  This  plot  is  shown  in  Figure  8-2.  Using  this  plot,  we  can  estimate  what  Co  may 
be  in  the  future. 

For  bridges  45  +  01802  and  53  +  07232,  it  was  assumed  that  the  theoretical  Co  would 
increase  from  a  level  of  5.33  lb/yd3  in  1999  to  a  level  of  approximately  8.0  lb/yd3  at  the 
end  of  service  life.  On  Figure  8-2,  this  is  equivalent  to  greater  than  fifty  years  of  salt 
application.  Using  Dc  =  0.07  in"/yr  and  Co  as  above,  a  time  of  fifty  years  of  service  after 
salting  began  (1979)  was  calculated  for  bridge  45  +  01802.  For  bridge  53  +  07232 
(latex),  it  was  determined  that  service  would  continue  longer  than  fifty  years  after  salting 
began.  Therefore,  a  higher  Co  was  assumed,  according  to  Figure  8-2.  A  Co  of  9.5  lb/yd3 
was  assumed.  This  gave  a  service  life  of  61  years  after  salting.  While  these  numbers 
appear  to  be  somewhat  high  (given  the  bridges  were  twelve  years  old  when  salting  began) 
it  is  within  reason. 

Since  the  theoretical  Co  and  Dc  for  bridge  57  +  04722  were  higher  than  the  other  two 
bridges,  it  seems  reasonable  to  think  that  service  life  of  the  bridge  without  repairs  would 
be  less  than  the  fifty  years  calculated  above.  Using  the  same  procedure,  a  future  value  of 
the  theoretical  Co  was  estimated  from  Figure  8-2.  Since  the  theoretical  Co  at  twenty  years 
was  higher  than  the  value  on  the  curve,  it  was  assumed  that  the  same  trend  would  follow 
in  the  future.  Thus,  a  Co  at  40  years  of  7.3  lb/yd'  was  assumed.  Using  that  C0  and  a  Dc  of 
0.12  in2/yr,  an  end  of  service  life  of  35  years  after  salting  began  was  determined.  The 
lower  service  life  when  compared  to  the  other  two  bridges  is  consistent  with  the  higher  Co 
and  Dc  used. 

The  theoretical  chloride  profiles  at  the  end  of  service  life  are  given  in  Figures  8-3-1  to  8- 
3-3.  Notice  that  in  all  three  cases,  the  theoretical  curves  intersect  the  3.6  lb/yd  chloride 
level  at  the  2.0  in.  (50mm)  depth  (or  the  3.6  in.  (92mm)  depth  for  the  latex  concrete 
bridge),  showing  the  assumed  end  of  service  life. 
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8.3.4     Actual  Post-Repair  Chloride  Profiles  (End  of  Service  Life) 

Having  established  the  base  case  of  service  life  if  the  deck  repairs  had  not  been  made,  the 
remaining  step  was  to  determine  the  service  lives  of  the  decks  with  the  repairs  that  were 
made.  For  the  bridges  with  polymer  overlay  repairs,  the  chloride  profiles  at  the  end  of 
their  repair  life  of  fifteen  years  were  estimated.  At  this  point,  using  the  Dc  calculated  for 
the  base  case  and  a  Co  appropriate  for  the  time  period  (roughly  45  years  of  chloride 
exposure  from  Figure  8-2)  a  time  for  the  chlorides  at  the  rebar  level  to  reach  3.6  lb/yd3 
was  calculated.  It  should  be  noted  that  at  the  time  of  repair  life  end,  some  chlorides 
existed  at  the  rebar  level.  The  difference  between  3.6  lb/yd3  and  that  number  was  used  to 
determine  the  remaining  service  life. 

For  the  latex  concrete  repaired  bridge,  it  was  assumed  that  after  twenty  years  of  repair  life 
the  chlorides  at  the  latex  concrete  -  old  concrete  boundary  would  reach  a  steady  state  and 
a  smooth  chloride  profile  would  result.  A  Dc  =  0.055  in2/yr  was  calculated  for  the  latex 
overlay,  with  a  Dc  =  0.07  in~/yr  being  used  for  the  concrete  deck.  Using  an  appropriate  Co 
from  Figure  8-2  (approximately  50+  years),  the  remaining  service  life  was  calculated. 

It  was  determined  bridges  45  +  01802  and  57  +  04722  (polymer  overlays)  had  service 
lives  of  79  and  47  years  after  exposure  to  salting.  Bridge  53  +  07232  (latex  overlay) 
showed  a  service  life  of  90  years  after  exposure  to  salting. 

The  curves  used  to  determine  the  service  lives  of  the  repaired  decks  are  given  in  Figures 
8-4-1  to  8-4-3. 

8.4       COMPARISON  OF  PROJECTED  SERVICE  LIVES 

Table  8.1  compares  the  results  of  the  service  life  calculations  performed  for  the  three 
repaired  bridges. 
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Table  8.1  Summary  of  Repair  Effect  on  Service  Life 

Bridge 

Type  of 
Repair 

Repair 
Year 

End  of  Service  Life 
Without  Repair 

End  of  Service 
Life  With  Repair 

Years  of  Service  Life 
Added  by  Repair 

45  +  01802 

Polymer 
Overlay 

1993 

2029 

2058 

29 

53  +  07232 

Latex 

Concrete 

Overlay 

1993 

2040 

2069 

29 

57  +  04722 

Polymer 
Overlay 

1993 

2014 

2026 

12 

Several  comments  should  be  made  about  the  results  summarized  above.  First,  the  ends  of 
service  lives  for  both  cases  (with  repair  and  without)  were  determined  using  a  very 
limited  amount  of  data  and  several  generalizing  assumptions.  Thus  the  actual  dates  of  the 
end  of  service  life  may  vary  from  the  dates  shown  above.  However,  since  the  same 
techniques  were  used  to  determine  the  end  of  service  life  for  all  three  bridges,  the 
comparison  of  service  life  extension  amongst  the  bridges  is  reasonable.  Second,  a 
substantial  difference  in  service  life  extension  by  the  two  polymer  overlays  was  observed. 
This  difference  can  be  associated  to  the  chloride  conditions  at  time  of  overlay  placement. 
Polymer  overlays  are  most  effective  as  a  preventative  measure,  when  chlorides  in  the 
concrete  are  relatively  low.  This  was  the  case  for  Bridge  45  +  01802.  Polymer  overlays 
are  less  effective  for  bridges  with  higher  chloride  levels,  since  the  overlay  does  not  reduce 
the  level  of  chlorides  already  in  the  concrete.  Polymer  overlays  prevent  additional 
chlorides  from  entering  the  concrete  and  slow  down  diffusion  somewhat,  but  do  not 
reduce  the  total  amount  of  chlorides  present.  Bridge  57  +  04722  had  chloride  levels 
approximately  two  times  those  in  Bridge  45  +  01802,  and  thus  the  polymer  overlay  was 
less  effective  than  if  it  was  applied  at  an  earlier  stage  in  the  bridges  life. 
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SECTION  9  CHLORIDE  AFFECTED  MONTANA  BRIDGES 

The  purpose  of  this  section  is  to  identify  Montana's  chloride  affected  bridges  in  two  scenarios. 

•  first  if  magnesium  chloride  anti-icing  policy  is  applied  to  the  entire  bridge  system. 

•  second  if  the  current  policy  of  using  magnesium  chloride  only  on  certain  roads  is  continued. 

Regardless  of  scenario,  not  all  Montana  bridges  will  be  exposed  to  chloride-based  chemicals 
during  their  lifetime.  These  bridges  will  have  shorter  service  lives  than  those  not  exposed  to 
chlorides.  In  order  to  determine  the  economic  impact  of  switching  to  magnesium  chloride  anti- 
icing,  it  was  necessary  to  first  determine  the  long  term  bridge  replacement  costs  if  conventional 
deicing  policies  were  continued.  This  baseline  information  will  then  be  used  in  Section  10  to 
compare  with  the  future  bridge  replacement  costs  if  magnesium  chloride  anti-icers  are  used. 

9.1        OVERALL  MONTANA  BRIDGE  INVENTORY 

The  bridge  inventory  was  analyzed  to  find  the  current  individual  bridge  ages,  estimated 
future  replacement  years  and  replacement  costs.  There  are  approximately  4700  bridge 
structures  in  Montana's  bridge  inventory.  Generally,  they  have  been  constructed  in  the 
past  110  years  with  major  booms  in  construction  occurring  in  the  1930's  and  from  1960 
to  1980.  Since  1980,  the  number  of  bridges  annually  constructed  in  Montana  has  been 
declining,  as  shown  in  Figure  9-1.  The  number  of  bridges  built  in  the  past  five  years  is  at 
its  lowest  level  since  the  1920's. 


Years  of  Construction  for  the  Montana  Bridge  Inventory 
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Figure  9-1 


Year  of  Construction 
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9.1.1     Future  Bridge  Replacement 

Although  the  rate  of  new  bridge  construction  is  currently  low,  the  existing  inventory  has 
significant  replacement  value.  When  these  structures  have  to  be  replaced,  greatly 
increased  budgets  will  be  needed.  Figure  9-1  illustrates  the  boom  periods  and  the  bust 
periods  of  past  bridge  construction.  In  the  same  way  that  the  baby  boomer  generation 
affected  many  trends  in  the  1960's  and  1970's,  boom  periods  of  bridge  construction  will 
either  have  a  future  ripple  effect  on  bridge  replacement  or  substantial  reductions  in  the 
levels  of  bridge  service  will  result. 

As  the  existing  bridges  reach  the  end  of  their  service  lives,  budgets  will  be  needed  to  fund 
construction  of  replacement  structures.  In  order  to  allow  comparison  with  the  costs  of 
maintaining  the  bridge  infrastructure  if  magnesium  chloride  is  used  for  anti-icing,  the 
annual  bridge  replacement  costs  were  first  calculated  for  the  scenario  of  current  pavement 
management  using  conventional  roadway  deicers.  The  service  lives  estimated  and 
discussed  below  are  based  on  experience  in  other  jurisdictions  and  discussions  with 
appropriate  MDT  bridge  management  staff. 

9.2       MONTANA  BRIDGE  CATEGORIES  BY  AMOUNT  OF  CHEMICAL 
TREATMENT 

Every  bridge  in  the  Montana  inventory  has  its  own  service  life  and  its  own  unique 
characteristics,  but  for  the  purpose  of  this  study,  the  structures  have  been  divided  into 
three  major  service  life  categories  based  on  their  exposure  conditions.  The  more 
chlorides  a  bridge  is  exposed  to,  the  shorter  its  service  life  will  be.  Only  about  two  thirds 
of  Montana  bridges  are  expected  to  be  exposed  to  chloride-based  chemical  treatments  in 
their  lifetimes.  The  below  bridge  exposure  categories  and  estimated  bridge  service  lives 
may  not  exact,  but  they  are  suitably  accurate  for  the  purposes  of  this  study.  The  service 
lives  of  the  bridges  are  based  on  numerous  studies  that  have  been  completed  over  the 
years  as  well  as  expert  opinion.  These  predicted  service  lives  do  not  take  into  account  the 
general  trend  of  using  increasingly  large  amounts  of  deicer,  which  may  result  in  shorter 
lives  or  increased  rehabilitation  costs. 

9.2.1  Heavily  Treated  Montana  Bridges 

Heavily  treated  Montana  bridges  are  generally  Interstate  bridges  exposed  to  high-speed 
truck  traffic  and  heavy  chemical  treatment  with  deicers  or  anti-icer  application.  Based  on 
experience  in  North  America  they  are  estimated  to  have  average  service  lives  of  50  years. 
They  are  identified  as  having  been  built  as  part  of  the  interstate  system,  and  they  tend  to 
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be  wider  and  have  heavier  traffic  than  the  average  bridge.  Analysis  of  these  bridges  in 
Montana  shows  the  average  annual  daily  traffic  (AADT)  for  this  group  to  be 
approximately  6000.  Because  of  the  heavy  traffic,  they  also  receive  more  chloride-based 
chemicals,  which  creates  more  aggressive  corrosion  conditions  for  the  bridge  deck  and 
overall  structure  and  consequently  reduces  their  expected  service  life.  The  average 
service  life  of  the  heavily  treated  bridges  will  be  about  fifty  years,  but  the  range  in  service 
life  will  likely  be  from  35  to  65  years.  These  bridges  will  get  the  most  de-icing  chlorides 
and  have  the  shortest  service  lives  of  Montana  bridges. 

Heavily  treated  bridges  have  the  shortest  predicted  service  lives  of  the  three  categories. 
The  predicted  average  service  life  is  fifty  years  if  the  bridges  are  only  subjected  to  sodium 
chloride  deicer.  Several  reasons  for  the  reduced  service  lives  of  Heavily  treated  bridges 
compared  to  Moderately  treated  and  3  bridges  are  as  follows: 

1.  The  Heavily  treated  bridges  have  the  largest  volumes  of  traffic.  The  average 
Interstate  bridge  in  Montana  has  an  ADT  of  6000.  The  Interstate  highways  have 
the  highest  posted  speed  limits  and  on  average,  the  most  truck  traffic.  Truck  loads 
on  bridges  cause  higher  stresses,  more  and  wider  cracking,  which  allows  quicker 
ingress  of  chloride  ions  to  initiate  corrosion. 

2.  Since  the  Interstate  bridges  have  the  highest  traffic  speeds  and  volumes,  they  also 
have  higher  quantities  and  more  frequent  applications  of  deicer  needed  to  keep  the 
deck  ice-free.  Chloride  based  deicers  are  very  corrosive  to  embedded  steel. 

3.  Interstate  bridges  sometimes  become  functionally  obsolete.  This  means  that  the 
bridge  must  be  replaced  before  its  condition  dictates  that  it  should  be  replaced.  In 
this  situation  the  structure  is  usually  replaced  because  it  can  no  longer 
accommodate  increasing  traffic  volumes.  Extra  lanes  may  be  required  on  the 
bridge  deck,  or  the  roadways  that  go  underneath  the  structure  need  to  be  wider  but 
they  cannot  be  made  wider  since  the  bridge  abutments  are  in  the  way. 

9.2.2  Moderately  Treated  Montana  Bridges 

Moderately  treated  Montana  bridges  are  defined  for  the  purposes  of  this  study  as 
generally  the  more  heavily  traveled  non-interstate  bridges,  that  is,  with  current  annual 
ADTs  greater  than  500.  This  is  the  broadest  of  the  three  Montana  bridge  exposure 
categories,  since  it  includes  moderately  traveled  rural  bridges  as  well  as  heavily  traveled 
urban  bridges.  Overall,  the  AADT  values  of  Montana  bridges  in  this  category  range  from 
500  to  35,000,  but  the  average  value  was  found  by  analysis  to  be  approximately  3000. 
There  is  generally  less  truck  traffic  on  moderately  treated  bridges  than  on  heavily  treated 
bridges.    Generally  the  bridges  in  this  category  are  in  a  moderately  corrosive  condition. 
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They  receive  deicers  in  winter,  but  typically  less  than  heavily  treated  interstate  bridges. 
The  average  service  life  of  these  bridges  will  be  about  65  years  with  an  expected  range  of 
from  45  to  85  years. 

.  There  is  wide  variation  in  the  types  of  moderately  treated  bridges  and  the  amount  of 
traffic  they  have.  The  65-year  service  life  prediction  is  intended  as  an  average  service  life 
prediction.  That  is,  that  some  bridges  will  last  longer,  and  others  will  not  last  that  long, 
but  in  the  overall  picture,  it  is  felt  that  these  differences  will  balance  out.  The  accuracy  of 
this  study  is  largely  independent  of  the  estimated  service  lives. 

9.2.3  Non-Chemically  Treated  Montana  Bridges 

These  are  generally  lightly  used  bridges  with  AADTs  less  than  500  and  use  by  very  few 
heavy  trucks  and  therefore  were  estimated  to  have  longer  than  normal  service  lives  due  to 
their  light  use  and  lack  of  exposure  to  chloride  based  chemicals.  The  average  AADT  of  a 
Montana  bridge  in  this  category  is  about  150  vehicles  per  day.  The  average  service  lives 
of  these  bridges  should  be  about  eighty  years  with  a  range  of  sixty  to  one  hundred  years. 
These  bridges  will  not  be  included  in  magnesium  chloride  economic  impact  calculations 
that  follow  in  Section  10. 


9.3       BRIDGE  INVENTORY  ANALYSIS 

For  the  purpose  of  this  study,  the  Montana  bridge  inventory  was  divided  into  three 
categories  by  their  approximate  service  life  ranges.  The  total  deck  area  for  each  bridge 
category  was  calculated,  and  from  that  area  the  approximate  total  bridge  replacement 
value  of  each  category  was  computed.  Detailed  breakdowns  of  the  different  number  and 
size  of  the  bridges  in  each  category  are  included  in  Appendix  B. 

9.3.1     Number  of  Bridges 

The  approximate  breakdown  of  these  Montana  bridge  inventory  into  the  three  major 
categories  are  as  follows: 


CATEGORY 

•  Heavily  Treated  Bridges 

•  Moderately  Treated  Bridges 

•  Non-Treated  Bridges 


Total  Montana  Bridges 


NUMBER 

840 
1110 
2750 
4700 
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9.3.2     Total  Deck  Area 

The  deck  area  for  each  of  the  major  bridge  categories  has  been  calculated  and  the  results 
are  presented  below: 

CATEGORY  DECK  AREA 


• 


• 


Heavily  Treated  Bridges:  6,645,000  ft2    (617,000  m2) 

Moderately  Treated  Bridges:  5,340,000  ft2    (496,000  m2) 

Non-Treated  Bridges:  5,360,000  ft2    (498,000  m2) 

Total  Bridge  Deck  Area:  1 7,345,000  ft2  ( 1 .6 1 1 ,000  m2) 


9.3.3     Bridge  Replacement  Value 

The  estimated  total  cost  to  replace  the  existing  bridge  inventory  is  presented  below  for 
each  of  the  bridge  categories.  The  values  shown  represent  the  Montana  public's 
economic  investment  in  the  bridge  portion  of  the  transportation  system.  The  costs  are 
shown  in  today's  dollars  and  do  not  account  for  the  future  effects  of  inflation.  A  cost  of 
$  1 08/ft2  ($1150/m2)  of  deck  area  was  assumed  for  all  of  the  structures  in  the  inventory. 
This  estimated  unit  cost  includes  replacement,  engineering,  demolition,  and  detour  costs. 

CATEGORY  REPLACEMENT  VALUE 

•  Heavily  Treated  Bridges         $7 1 0,000,000 

•  Moderately  Treated  Bridges     570,000,000 

•  Non-Treated  Bridges  573,000,000 


Total  Replacement  Value    $  1 ,853,000,000 


Note  that  the  replacement  costs  are  based  on  replacing  the  bridge  with  a  new  bridge  that 
is  the  same  size  as  the  original  structure.  This  is  a  conservative  estimate  since  bridges  are 
typically  replaced  with  larger/wider  structures  due  to  increased  standards  and  higher 
traffic  volumes  that  have  occurred  during  the  typical  50  to  80  year  life  of  an  average 
bridge. 
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9.3.4     Summary  of  Montana  Bridge  Inventory 


Bridge 
Category 

Number 

of 
Bridges 

Deck  Area  of  Bridges 

Cost  of  Bridge 
Replacements 

Heavy 

Moderate 

Non-De-iced 

840 

1110 

2750 

6,645,000  ft2    (617,000  m2) 
5,340,000  ft2    (496,000  m2) 
5,360,000  ft2    (498,000  m2) 

$710,000,000 
$  570,000,000 
$  573,000,000 

Total 

4700 

17,345,000  ft2    (1,611,000  m2) 

$  1,853,000,000 

The  summary  chart  above  shows  that  of  the  three  bridge  exposure  categories  defined  for 
this  study,  the  most  highly  invested  category  is  the  Heavily  Treated  Bridges,  the  Interstate 
system.  The  total  number  of  bridges  in  this  group  is  less  than  the  other  two  categories. 
Since  these  bridges  are  exposed  to  the  most  aggressive  corrosion  conditions,  the 
importance  of  maintaining  these  bridges  to  avoid  high  future  expenditures  is  apparent. 

9.4        BRIDGES  CURRENTLY  TREATED  WITH  MAGNESIUM  CHLORIDE 

There  are  approximately  250  bridge  sites  that  are  currently  being  treated  with  magnesium 
chloride,  and  the  replacement  value  of  these  sites  totals  $350M.  The  site  list  of  the 
magnesium  chloride  treated  bridges  has  been  provided  by  MDT  and  is  included  in 
Appendix  E.  Also  a  map  of  Montana  with  all  of  the  areas  that  are  currently  receiving  the 
anti-icer  highlighted  is  included  in  this  report.  The  map  is  located  in  an  envelope  in 
Appendix  E.  The  bridge  sites  are  generally  located  immediately  around  the  major  centers 
in  the  State  (including  Great  Falls,  Helena,  Missoula,  Butte,  Kalispell,  Shelby,  Havre, 
Sidney,  Miles  City,  Billings,  Bozeman,  Glendive,  Lewiston,  and  others)  and  along  the 
western  sections  of  1 90. 
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SECTION  10  ECONOMIC  IMPACT  OF  MAGNESIUM  CHLORIDE 


The  purpose  of  this  section  is  to  use  the  field  test  data  and  conclusions  to  determine  the  economic 
impact  of  magnesium  chloride  on  Montana  bridges.  First,  the  effect  on  service  life  will  be 
investigated.  The  baseline  cost  information  developed  in  Section  9  is  used  for  comparison  with 
the  bridge  replacement  costs  using  magnesium  chloride  anti-icers. 

10.1  BRIDGE  SERVICE  LIFE 

Every  bridge  structure  is  unique  and  has  its  own  characteristics  and  anomalies.  These 
characteristics  relate  to  the  service  life  of  any  structure.  Different  environmental 
conditions,  as  well  as  different  traffic  volumes  driving  on  the  structure  at  different  speeds, 
and  different  types  and  amounts  of  deicing  solutions  can  all  contribute  to  the  service  life 
of  a  structure. 

10.1.1  Historical  Trends  in  Service  Life 

As  time  progresses,  bridge  decks  are  being  placed  into  increasingly  corrosive 
environments.  As  traffic  volumes  increase,  so  does  the  amount  of  deicer  that  is  placed  on 
the  deck  every  winter.  More  efficient  anti-icers  are  also  being  applied,  such  as 
magnesium  chloride.  New  bridge  decks  can  better  accommodate  this  increase  by  using 
high  performance  materials,  corrosion  inhibitors,  or  even  non-corrodable  reinforcement. 
However,  structures  that  are  more  than  twenty  years  old  are  more  susceptible  to  the 
increase  in  corrosion  activity. 

10.2  FUTURE  BRIDGE  REPLACEMENT  NEEDS 
10.2.1  Montana  Bridge  Construction  Years  and  Ages 

Montana's  4698-bridge  inventory  was  constructed  during  the  previous  110  years, 
therefore  the  bridges  vary  in  age.  Category  1  bridges  were  constructed  in  the  boom  times 
from  1960  to  1980.  The  varying  bridge  ages  and  the  varying  service  lives  for  different 
bridge  categories  complicate  the  economic  impact  calculations.  Figure  10-1  is  a  simple 
graph  based  on  bridge  inventory  construction  years.  The  figure  shows  the  numbers  of 
bridges  constructed  per  five-year  period  since  1880  for  the  Montana  inventory.  The 
bridges  are  sub-divided  by  service  life  category.  Note  that  during  the  boom  construction 
period  of  1960  to  1970,  close  to  100  bridges  of  all  types  were  built  annually. 
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Construction  Years  for  the  Montana  Bridge  Inventory 
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Figure  10-1 

10.2.2  Predicted  Bridge  Replacements  with  Conventional  Deicing  Practice 

Future  bridge  replacements  are  found  by  adding  the  average  service  lives  of  each  bridge 
to  its  construction  year  and  then  summing  the  numbers  of  bridge  replacements  for  each 
five  year  period,  as  shown  in  Figure  10-2.  Since  this  figure  looks  at  an  eighty-five  year 
period,  some  bridges  will  be  replaced  more  than  once  in  the  analysis  period.  The  annual 
numbers  of  bridge  replacements  can  be  obtained  by  dividing  the  graph  values  by  five. 
This  scenario  of  future  replacements  is  based  on  the  sole  use  of  sodium  chloride  deicer. 
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Future  Replacement  Years  of  Bridge  Inventory  with  Conventional  Deicing 
(Includes  2nd  Generation  Replacements) 


Year 
Figure  10-2 

Due  to  the  current  ages  of  the  Category  1,  heavily  treated  bridges,  the  future  bridge 
replacement  costs  are  projected  to  soon  greatly  increase.  Figure  10-2  shows  rising  budget 
needs  for  the  next  twenty  to  thirty  years.  Note  that  the  figures  are  for  five-year  periods. 
The  annual  budget  needs  can  be  obtained  by  dividing  the  graphed  figures  by  five.  The 
budgets  needed  for  annual  bridge  replacements  to  maintain  the  current  levels  of  service 
will  more  than  double  compared  to  current  needs.  The  bridge  replacement  needs  for  the 
next  five  years  are  predicted  to  be  double  those  of  the  five-year  period  1995  to  2000. 

The  most  expensive  bridges  to  replace  are  the  Interstate  bridges,  and  the  majority  of  these 
will  need  replacement  between  2010  and  2025.  Figure  10-3  shows  the  projected  future 
budgets  per  five  year  period  needed  to  replace  the  bridges  at  the  times  outlined  in  Figure 
10-2.  Again,  annual  budget  needs  are  found  by  dividing  the  graphed  numbers  by  five. 
The  above  figures  are  based  on  continuing  current  deicing  practice  using  sodium  chloride 
rather  than  magnesium  chloride  anti-icer. 
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Future  Bridge  Replacement  Needs  with  Conventional  Deicing 

(Includes  2nd  Generation  Replacements) 
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Figure  10-3 

Figure  10-3  above  shows  that  bridge  replacement  budget  needs  with  current  deicing 
practice  will  peak  between  years  2015  to  2025.  Each  of  the  two  five-year  periods  will 
require  3.5  times  more  budget  than  the  period  2000  to  2005.  The  major  future 
replacement  needs  occur  in  Category  1,  the  Interstate  bridge  system.  A  likely  possibility 
is  that  due  to  lack  of  adequate  funding  the  service  levels  or  typical  bridge  conditions  will 
decline.  Another  likely  possibility  is  that  as  funding  becomes  focused  on  reacting  to 
replacement  of  deteriorating  bridges,  proactive  measures  such  as  timely  rehabilitation 
may  be  sacrificed  to  meet  the  more  immediate  needs.  Additional  graphs  showing  future 
Montana  annual  bridge  replacement  needs  and  expected  annual  bridge  replacement 
numbers  from  the  years  2000  to  2035  are  included  as  Figure  10-4  and  in  Appendix  C. 

Figure  10-4  plots  the  future  bridge  replacement  needs  for  Category  1  and  2 
conventionally  treated  bridges,  neglecting  the  effects  of  inflation  over  the  next  35  years. 
The  horizontal  line  in  Figure  10-4  is  the  average  annual  expenditure,  $24  million,  for  the 
entire  35-year  period.  This  value  may  represent  a  more  realistic  scenario  since  budgets 
tend  to  stay  consistent  rather  than  fluctuate  from  year  to  year.   In  any  group  of  bridges 
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some  will  have  to  be  replaced  earlier  than  predicted  and  others  will  last  longer.  Actual 
bridge  replacements  can  be  scheduled  to  level  out  the  peaks  and  valleys  in  the  future 
required  budgets  by  allowing  changes  to  the  average  bridge  condition  and  level  of  service 
provided  to  the  public. 

The  annual  average  expenditure  provides  a  realistic  guideline  for  estimating  future  budget 
needs.  A  general  guideline  for  the  average  annual  budget  needed  to  maintain  the 
inventory  is  approximately  2%  of  the  infrastructure  replacement  value.  The  replacement 
value  of  the  Category  1  and  2  chemically  treated  bridges  is  $1.3  billion.  2%  of  the  total 
treated  bridges  is  $26  million,  which  is  reasonably  in  agreement  with  the  detailed  analysis 
results  of  $24  million. 

Annual  Bridge  Replacement  Needs  with  Conventional  Deicing  Practice 

(Includes  2nd  Generation  Replacements) 
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Figure  10-4 

What  if  future  bridges  cost  more  due  to  monetary  inflation  and  higher  construction  and 
environmental  standards?  Figure  10-4a  is  similar  to  Figure  10-4,  except  that  a  6%  annual 
increase  in  replacement  costs  is  included  to  represent  inflation  and  increased  standards, 
which  may  be  related  to  environmental  protection  and  public/worker  safety.  The  average 
annual  bridge  replacement  needs  increase  to  $1 10  million  for  the  35-year  period. 
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Annual  Bridge  Replacement  Needs  (Including  Inflation)  with  Conventional 

Deicing  Practice 

(Includes  2nd  Generation  Replacements 
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Figure  10-4a 


10.4     THE  EFFECTS  OF  MAGNESIUM  CHLORIDE 

Data  analysis  in  Section  7  quantified  the  effect  on  bridge  service  lives  resulting  from  the 
use  of  magnesium  chloride.  For  existing  bridges  the  service  lives  will  begin  to  be 
reduced  when  magnesium  chloride  anti-icing  begins.  This  reduction  in  service  life  will 
affect  the  future  bridge  replacement  needs.  Shorter  service  lives  of  treated  bridges  equals 
higher  replacement  budget  needs.  Replacement  needs  for  non-treated  bridges  are  not 
included  in  this  cost  analysis,  since  we  are  addressing  the  possible  changes  resulting  from 
type  of  anti-icing  treatment. 

10.4.1  Effect  of  Magnesium  Chloride  on  Bridge  Service  Life 

As  Reported  in  Section  7.0  a  difference  was  found  between  the  diffusion  rates  of 
magnesium  chloride  and  sodium  chloride  in  the  wheel  paths  of  concrete  bridge  decks. 
Bridges  treated  with  magnesium  chloride  had  an  average  diffusion  coefficient,  Dc,  of 
0.088  in2/yr  (0.57  cm2/yr)  while  bridges  treated  with  sodium  chloride  had  an  average  Dc 
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of  0.040  in  /yr  (0.26  cm  /yr).  The  difference  in  diffusion  coefficients  creates  a  difference 
in  the  time  that  it  takes  for  rebar  corrosion  to  begin,  the  time  to  corrosion,  for  bridges 
exposed  to  the  two  chemicals.  The  difference  in  times  to  corrosion  equals  a  reduction  in 
service  life  for  bridges  exposed  to  magnesium  chloride. 

To  determine  the  effect  of  magnesium  chloride  on  service  life,  Fick's  Second  Law  (See 
Section  4.0)  was  used  to  calculate  the  time  to  corrosion  for  magnesium  chloride  treated 
and  sodium  chloride  treated  bridge  decks.  The  calculations  were  done  using  the  test  data 
conclusions  from  this  study.  First,  a  surface  chloride  level  (Co)  of  6.8  lb/yd3  (4.0  kg/m3) 
was  assumed  for  all  bridges.  This  was  the  average  value  for  all  surface  level  chloride 
readings  taken  in  this  study.  Second,  it  was  assumed  that  the  time  to  corrosion  would  be 
achieved  when  10%  of  the  deck  rebar  was  actively  corroding.  It  was  also  assumed  that 
the  variation  of  rebar  depth  would  be  ±  0.3in.  (7.1  mm).  A  time  to  corrosion  for  the 
magnesium  chloride  treated  and  sodium  chloride  treated  bridges  was  calculated  for  rebar 
depths  ranging  from  1.75  in.  to  4.0  in.  (44mm  to  100mm).  The  results  of  these 
calculations  are  shown  in  Figure  10-5.    Figure  10-5  illustrates  the  relationship  between 

Time  to  Corrosion  for  MgCI2  and  NaCI  Treated  Bridge  Decks 
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rebar  cover  aeptn  ana  reauced  service  life  due  to  reduced  time  to  corrosion.  As  the  cover 
depth  increases  the  reduction  in  service  life  also  increases.    The  difference  in  time  to 
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corrosion  for  bridges  of  different  rebar  cover  depths  exposed  to  the  two  chemical  types  is 
plotted  in  Figure  10-6. 

Service  Life  Difference  for  MgCI2  vs  NaCI  Treated  Bridge  Decks 


2.0 

Figure  10-6 


Average  Rebar  Cover  Depth 
(In) 


Using  the  results  of  Figure  10-6,  it  can  be  seen  that  for  a  rebar  depth  of  2  in.  (50mm),  the 
reduction  in  service  life  of  magnesium  chloride  treated  bridges  compared  to  sodium 
chloride  treated  bridges  is  1 1  years.  When  the  cover  depth  is  3  in.  (76mm),  the  reduction 
in  service  life  is  27  years. 

Montana  bridges  currently  vary  in  age  up  to  110  years.  The  expected  range  in  cover 
depths  varies  as  bridge  design  standards  have  changed  during  those  years.  Two  to  three 
inch  cover  depths  are  reasonable  for  a  large  portion  of  the  infrastructure.  Considering  the 
range  of  bridge  service  lives  to  be  from  50  to  80  years,  service  life  reductions  of  1 1  to  27 
years  equate  to  percentage  reductions  in  life  of  between  14%  to  54%  for  bridges  subjected 
to  magnesium  chloride  deicing.  Overall  an  average  reduction  in  remaining  service  life  of 
20  to  30%  from  use  of  magnesium  chloride  anti-icer  will  be  used  in  the  following 
calculations.  This  is  thought  to  be  a  conservative  value,  since  none  of  the  test  bridges 
involved  the  use  of  only  magnesium  chloride.  It  is  reasonable  to  think  that  the  sole  use  of 
magnesium  chloride  would  result  in  even  greater  reduction  in  life. 
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It  appears  logical  that  when  the  rate  of  chloride  diffusion  for  magnesium  chlorides  is 
double  the  rate  for  sodium  chlorides,  that  service  life  would  be  half.  Also,  when  future 
expenditures  are  required  sooner  in  time,  these  costs  increase  due  to  the  value  of  money 
being  more  now  than  it  will  be  later.  Both  of  these  concepts  suggest  that  the  economic 
impact  may  be  greater  than  the  20  to  30%  range. 

10.4.2  Effect  of  Magnesium  Chloride  on  Old  Bridges 

As  determined  in  the  previous  section,  the  application  of  magnesium  chloride 
conservatively  decreases  the  remaining  service  life  of  a  bridge  by  20  to  30%.  For 
example,  if  a  heavily  treated  bridge  has  a  service  life  of  50  years  but  the  bridge  is  already 
40  years  old  before  magnesium  chloride  comes  into  use,  the  magnesium  chloride  would 
have  less  effect  on  service  life,  reducing  only  the  remaining  service  life  by  20  to  30%.  In 
this  case,  the  remaining  service  life  would  be  reduced  from  ten  years,  with  sodium 
chloride  only,  to  seven  or  eight  years  with  magnesium  chloride. 


10.5      FUTURE  BRIDGE  REPLACEMENT  COSTS 

Since  magnesium  chloride  reduces  service  life  and  causes  replacements  to  be  done 
sooner,  involving  more  expensive  dollars,  the  effect  on  future  costs  with  de-valued 
dollars  will  be  explored. 

10.5.1  General  Methodology 

Life  cycle  cost  analysis  involves  a  comparison  of  future  costs  for  various  methods  of 
managing  the  bridge  inventory.  Present  worth  analysis  is  useful  to  determine  which 
management  option  is  the  most  cost-effective  solution  in  the  long  run  and  by  how  much. 

Future  bridge  replacement  expenditures  are  converted  into  today's  (year  2000)  dollars  and 
summed  for  each  option.  A  4%  future  cost  of  money  is  assumed,  representing  the 
difference  between  the  return  the  money  would  likely  earn  and  the  annual  inflation  rate. 

10.5.2  Interpretation  of  Cost  Analysis  Results 

The  net  present  worth  cost  analysis  procedure  summarizes  the  life  cycle  costs  of  each  of 
the  management  options  over  the  entire  analysis  period,  beginning  with  the  year  2000. 
When  all  of  the  expenditures  are  converted  to  year  2000  dollars  and  are  summed  for  the 
entire  analysis  period,  the  lowest  total  will  be  the  most  economical  option.  If  the 
resulting  amounts  are  relatively  close  (<5%  difference)  then  these  options  should  be 
considered  equal  since  it  is  impossible  to  predict  into  the  future  with  100%  accuracy.   In 
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this  case,  other  factors  should  be  taken  into  account  to  determine  which  option  better  suits 
the  project's  needs. 

The  effect  of  magnesium  chloride  on  bridge  replacement  cost  is  complicated  as  shown  by 
Figures  10-7  through  10-12,  which  illustrate  the  5  year  average  budgets  needed  over  a 
very  long  period  of  time  for  the  two  deicing  scenarios. 

Figures  10-7  and  10-8  compare  the  number  and  cost  of  bridge  replacements  for  the  bridge 
inventory  if  it  is  deiced  with  sodium  chloride  only  or  if  a  combination  of  sodium  chloride 
and  magnesium  chloride  is  used.  These  figures  show  a  20%  decrease  in  the  remaining 
service  life  of  the  bridge  inventory  for  the  moderately  and  heavily  treated  bridges. 
Figures  10-9  to  10-12  are  similar  to  Figures  10-7  and  10-8  except  with  25%  and  30% 
decreases  in  the  remaining  bridge  service  lives. 

As  the  effects  of  magnesium  chloride  increase,  the  bridge  service  lives  decrease  and  the 
replacement  costs  move  closer  to  the  present  day.  This  trend  is  consistent  regardless  of 
the  amount  that  magnesium  chloride  decreases  the  remaining  service  life  of  the  bridges. 

A  second  manner  of  presenting  life  cycle  costs  is  to  represent  them  as  the  annuity 
payments  that  would  need  to  be  invested  annually  over  the  analysis  period  to  be 
equivalent  to  the  present  worth  sum.  The  difference  in  the  annuity  values  between  the 
two  options  represents  the  annual  savings  resulting  from  using  the  lowest  option.  The 
option  with  the  lowest  annuity  is  the  optimum  economic  choice  for  the  analysis  period. 

10.5.3  Economic  Analysis  of  Magnesium  Chloride  Anti-icer  -  First  Management  Scenario 

This  study  compares  two  bridge  management  options.  The  first  illustrates  the  effects  of 
using  magnesium  chloride  anti-icer  on  all  bridges  presently  treated  with  chemicals.  The 
other  represents  the  effects  of  continued  use  of  magnesium  chloride  anti-icer  on  bridges 
currently  being  treated  with  magnesium  chloride  anti-icer.  The  bridges  that  have  been 
included  in  the  economic  analysis  are  the  Category  1  and  Category  2  chemically  treated 
bridges  only.  The  non-treated  local  road  bridges  have  been  excluded  from  this  analysis. 
Therefore  there  are  approximately  1,950  bridges  in  this  comparison  with  a  total  current 
replacement  value  of  $1.3  billion.  The  replacement  dates  resulting  from  sodium  chloride 
treatment  are  based  on  fixed  bridge  service  lives  that  are  based  on  the  amount  of  chemical 
treatment.  It  was  assumed  that  Category  1,  heavily  treated,  bridges  have  average  service 
lives  of  50  years  and  moderately  treated  bridges  have  longer  average  lives  of  65  years. 
These  values  have  been  added  to  the  bridge  construction  years  to  determine  the 
replacement  date.  There  is  a  varied  effect  of  magnesium  chloride  on  bridge  service  life, 
because  there  are  a  number  of  other  factors  (ie.  rebar  cover,  bridge  age,  etc.).    A  20%, 
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25%    and  30%  reduction  in  service  life  due  to  magnesium  chloride  was  used  for  the 
analysis.  These  assumptions  are  described  in  more  detail  in  Section  9.1  and  10.1. 

10.5.3.1     Application  of  the  Life  Cycle  Cost  Analysis  to  the  Montana  Inventory 

The  expenditure  amounts  and  bridge  replacement  years  that  were  used  in  the  life  cycle 
cost  analysis  are  shown  in  Figures  10-7  to  10-8  below. 

Two  separate  analysis  periods  were  used  in  this  analysis,  but  any  period  could  be  used 
and  the  general  trend  of  the  results  would  be  the  same.  A  60-year  analysis  penod  was 
selected  to  encompass  all  of  the  Category  1  and  Category  2  bridge  replacements.  The 
second  analysis  period  was  selected  as  twenty  years,  representing  the  more  imminent 
needs  of  the  near  future. 


Future  Bridge  Replacement  Needs  for  Two  Scenarios  on  all  Presently  Treated 
Bridges  If  MgCI2  Reduces  Service  Life  by  20% 
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Future  Bridge  Replacements  Needs  for  Two  Scenarios  on  all  Presently  Treated 

Bridges  Figure  10-9 


If  MgCI2  Reduces  Service  Life  by  20% 
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Figure  10-11 


Future  Bridge  Replacement  Required  for  Two  Scenarios  on  all  Presently  Treated 

Bridges 
If  MgCI2  Reduces  Service  Life  by  25% 
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Future  Bridge  Replacement  Needs  for  Two  Scenarios  on  all  Presently  Treated 

Bridges 
If  MgCI2  Reduces  Service  Life  by  25% 
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Figure  10-10 


Future  Bridge  Replacements  Required  for  Two  Scenarios  on  all  Presently 

Treated  Bridges 
If  MgCI2  Reduces  Service  Life  by  30% 
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10.5.3.2     Future  Bridge  Costs  in  Current  Dollars 

Results  from  the  life  cycle  cost  analysis  are  summarized  in  the  following  tables  and 
figures.  Table  10-1  summarizes  the  results  of  the  life  cycle  cost  analysis,  expressed  as  the 
total  amount  of  present  dollars  that  are  required  for  the  entire  analysis  period  if  anti-icing 
policies  are  applied  to  all  currently  treated  bridges,  in  the  future.  The  analysis  period  has 
been  varied  from  20  to  60  years.  The  results  are  also  expressed  as  the  total  cost  increase 
due  to  the  effects  of  magnesium  chloride. 

Table  10-2  is  based  on  the  same  life  cycle  cost  analysis  that  was  described  above  for 


Effect  of  a  Complete  Switch  to  MgCI2  on  Future  Bridge  Replacement  Needs 

(in  todays  dollars) 


Variation  in  Effect  of  MgCI2  on  Service  Life 

0%  (no  MgCI2) 

20% 

25% 

30% 

Total  20  Year  Costs 

$313,553,286 

$461,287,320 

$481,790,974 

$  528,965,333 

Total  20  Year  Cost  Increase  due  to  MgCI2 

0 

$147,734,034 

$168,237,686 

$215,412,047 

Total  60  Year  Costs 

$  578,630,237 

$750,191,375 

$  793,522,519 

$  851,539,506 

Total  60  Year  Cost  Increase  due  to  MgCI2 

0 

$171,561,138 

$214,892,283 

$  272,909,269 

Table  10-1 
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Table  10-1,  only  the  results  are  expressed  as  annuity  payments,  or  the  payments  that 
would  have  to  be  invested  annually  over  the  analysis  period  to  be  equivalent  to  the 
present  worth  sum.  The  results  are  also  expressed  as  the  annual  cost  increase  due  to  the 
effects  of  magnesium  chloride. 


Effect  of  a  Complete  Switch  to  MgCI2  on  Future  Annual  Bridge  Replacement  Needs 

(in  todays  dollars) 


Variation  in  Effect  of  MgCI2  on  Service  Life 

0%  (no  MgCI2) 

20% 

25% 

30% 

Average  Annual  Cost  (20  year  analysis) 

$23,071,800 

$  33,942,328 

$  35,451 ,023 

$38,922,195 

Average  Annual  Cost  Increase  due  to  MgCI2 

$0 

$  10,870,529 

$12,379,224 

$15,850,395 

Average  Annual  Cost  (60  year  analysis) 

$  25,576,524 

$33,159,843 

$35,075,160 

$37,639,617 

Average  Annual  Cost  Increase  due  to  MgCI2 

$0 

$7,583,319 

$  9,498,635 

$  12,063,093 

Table  10-2 


10.5.3.3     Variation  in  Future  Needs 

Figures  10-13  to  10-15  show  the  effect  of  a  total  switch  to  anti-icing  with  magnesium 
chloride  will  have  on  currently  treated  bridge  inventory  in  the  next  twenty  years  with  only 
a  20%  decrease  in  the  remaining  service  life  of  the  structures.  This  20%  decrease  is 
likely  a  conservative  estimate  of  the  accelerated  deterioration  caused  by  magnesium 
chloride.  Figures  similar  to  Figures  10-13  to  10-15,  except  with  20%,  25%  and  30% 
decreases  in  the  remaining  bridge  service  lives  and  20  and  60  year  analysis  periods  can  be 
found  in  Appendix  C.  Tables  that  show  the  life  cycle  cost  analyses  in  more  detail  for  all 
cases  are  also  found  in  this  section. 
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Future  Annual  Bridge  Replacement  Needs  Entire  System  Treated 
Assuming  MgCI2  Reduces  Service  Life  by  20% 
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Figure  10-13 


Difference  in  Annual  Bridge  Replacement  Needs  If  Entire  System  Treated 
with  MgCI2  vs  NaCI  Assuming  MgCI2  Reduces  Service  Life  by  20% 
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Future  Average  Bridge  Replacement  Needs  for  all  Currently  Treated 

Bridges 
Assuming  MgCI2  Reduces  Service  Life  by  20% 
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Figure  10-15 

10.5.3.4     Future  Costs  with  Inflation 

Tables  10-3  and  10-4  are  similar  to  the  life  cycle  cost  analysis  summary  Table  10-1  and 
10-2  except  the  analysis  include  a  6%  annual  increase  in  expenditures  due  to  rising 
inflation  and  increased  standards. 


Effect  of  a  Complete  Switch  to  MgCI2  on  Future  Bridge  Replacement  Needs 

(in  future  dollars) 


Variation  in  Effect  of  MgCI2  on  Service  Life 

0%  (no  MgClj) 

20% 

25% 

30% 

Total  20  Year  Costs 

$  565,396,849 

$  835,064,209 

$  854,282,362 

$  940,879,206 

Total  20  Year  Cost  Increase  due  to  MgCI2 

0 

$  269,667,360 

$  288,885,513 

$  375,482,356 

Total  60  Year  Costs 

$2,125,904,855 

$3,513,731,275 

$3,617,946,963 

$3,998,172,135 

Total  60  Year  Cost  Increase  due  to  MgCI2 

0 

$1,387,826,420 

$1,492,042,108 

$1,872,267,281 

Table  10-3 
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Effect  of  a  Complete  Switch  to  MgCI2  on  Future  Annual  Bridge  Replacement  Needs 

(in  future  dollars) 


Variation  in  Effect  of  MgCI2  on  Service  Life 

0%  (no  MgCI2) 

20% 

25% 

30% 

Average  Annual  Cost  (20  year  analysis) 

$  22,71 1 ,943 

$  33,544,458 

$34,316,450 

$  37,795,037 

Average  Annual  Cost  Increase  due  to  MgCI2 

$0 

$10,832,515 

$11,604,506 

$15,083,094 

Average  Annual  Cost  (60  year  analysis) 

$  18,010,463 

$  29,767,997 

$  30,650,902 

$33,872,133 

Average  Annual  Cost  Increase  due  to  MgCI2 

$0 

$11,757,533 

$12,640,439 

$15,861,670 

Table  10-4 

Detailed  results  for  all  of  the  different  scenarios  are  included  in  Appendix  C.  This 
includes  detailed  results  and  charts  for  the  life  cycle  cost  analysis  with  future  dollars, 
varying  analysis  periods,  and  varying  effects  of  magnesium  chloride. 

10.5.3.5     Economic  Impact  from  Complete  Switch  to  MgCI2 

The  economic  impact  on  the  MDT  bridge  infrastructure  varies  due  to  many  factors  such 
as  analysis  period,  future  cost  of  money,  and  effect  on  individual  bridge  service  lives. 
The  life  cycle  cost  analysis  was  completed  using  several  assumed  reductions  in  bridge 
service  life,  20,  25  and  30%.  All  of  these  scenarios  have  annual  capital  budgets  that  rise 
and  fall.  Graphs  are  included  in  Appendix  C  to  show  how  the  capital  budget  curves 
change  shape  with  different  assumed  scenarios.  When  the  costs  are  averaged,  the  annual 
budgets  all  show  significant  increases  in  capital  budgets  to  cover  the  reduced  service  lives 
from  the  continued  use  of  magnesium  chloride.  Overall,  the  effect  of  magnesium 
chloride  on  future  capital  budgets  was  found  to  be  in  the  range  of  $7.5M  to  15M 
annually. 


10.5.4        Economic  Impact  of  Magnesium  Chloride  Anti-icer  -  Second 
Management  Scenario 

The  first  management  scenario  was  to  examine  the  effect  of  using  magnesium  chloride 
anti-icer  on  all  of  the  presently  treated  bridge  sites  in  Montana.  This  totaled 
approximately  1950  bridge  sites,  with  a  replacement  value  of  $1.3  billion.  The  second 
management  scenario  is  to  examine  the  economic  impact  of  using  magnesium  chloride 
anti-icer  only  on  the  sites  that  are  currently  having  magnesium  chloride  applied  to  them. 
The  number  of  sites  that  are  currently  receiving  magnesium  chloride  are  significantly  less 
that  in  the  first  scenario.  There  are  only  approximately  250  bridge  sites  that  fall  into  this 
category,  and  the  replacement  value  of  these  sites  totals  only  $350M  (approximately  lA  of 
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the  bridge  replacement  value  used  in  scenario  1).  The  site  list  of  the  scenario  2  bridges 
has  been  provided  by  MDT  and  is  included  in  Appendix  B.  Also  a  map  of  Montana  with 
all  of  the  areas  that  are  currently  receiving  the  anti-icer  highlighted  is  included  in  this 
report.  The  map  is  located  in  an  envelope  in  Appendix  E.  The  bridge  sites  are  generally 
located  immediately  around  the  major  centers  in  the  State  (including  Great  Falls,  Helena, 
Missoula,  Butte,  Kalispell,  Shelby,  Havre,  Sidney,  Miles  City,  Billings,  Bozeman, 
Glendive,  Lewiston,  and  others)  and  along  the  western  sections  of  1 90. 

10.5.4.1      Application  of  the  Life  Cycle  Cost  Analysis  to  the  Montana  Bridge  Sites 
that  Currently  Receive  Magnesium  Chloride  Anti-icer 

The  expenditure  amounts  and  bridge  replacement  years  that  were  used  in  the  life  cycle 
cost  analysis  for  the  subset  of  bridges  that  are  currently  receiving  magnesium  chloride 
deicer  is  detailed  in  figures  10-16  to  10-21  that  follow. 

As  previously  described  in  the  first  management  scenario,  two  separate  analysis  periods 
were  used  in  the  analysis  of  the  second  management  scenario.  A  60-year  analysis  period 
was  selected  in  order  to  encompass  all  of  the  bridge  replacements  for  these  bridges  as 
well  as  being  consistent  with  the  first  management  scenario.  The  second  analysis  period 
was  also  consistent  with  the  first  management  scenario.  A  20-year  analysis  period  was 
used  to  reflect  the  more  imminent  needs  in  the  near  future. 


Future  Bridge  Replacement  Needs  for  Two  Scenarios  on  ail  Presently  MgCI2 

Treated  Bridges 
Assuming  MgCI2  Reduces  Service  Life  by  20% 


Figure  10-16 


Time 
(Years) 
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Future  Bridge  Replacement  Needs  for  Two  Scenarios  on  all  Presently  MgCI2 

Treated  Bridges 
Assuming  MgCI2  Reduces  Service  Life  by  20% 
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Future  Bridge  Replacement  Needs  for  Two  Scenarios  on  all  Presently  MgCI2 

Treated  Bridges 
Assuming  MgCI2  Reduces  Service  Life  By  25% 


With  NaCI 
With  MgClj 


Figure  10-18 
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Future  Bridge  Replacement  Needs  For  Two  Scenarios  on  all  Presenty  MgCI2 

Treated  Bridges 
Assuming  MgCI2  Reduces  Service  Life  by  25% 
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Future  Bridge  Replacement  Needs  for  Two  Scenarios  on  all  Presently  MgCI2 

Treated  Bridges 
Assuming  MgCI2  Reduces  Service  Life  by  30% 
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Future  Bridge  Replacement  Needs  for  Two  Scenarios  on  all  MgCl2  Treated 

Bridges 
Assuming  MgCI2  Reduces  Service  life  by  30% 
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Figure  10-21 
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10.5.4.2     Future  Bridge  Costs  in  Current  Dollars 

The  results  from  the  life  cycle  cost  analysis  for  the  second  management  scenario  are 
presented  in  the  following  tables  and  figures.  Table  10-5  summarizes  the  results  of  the 
life  cycle  cost  analysis.  Again,  this  is  expressed  as  the  total  amount  of  present  dollars  that 
are  required  for  the  entire  analysis  period,  which  is  either  20  or  60  years.  This  analysis 
assumes  that  the  current  anti-icing  policies  are  applied  to  these  select  bridges  for  the 
entire  period.  The  results  have  also  been  summarized  to  show  the  total  cost  increase  due 
to  the  effects  of  having  magnesium  chloride  anti-icer  applied  to  them. 
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Effect  of  Continued  Use  Of  MgCI2  on  Future  Bridge  Replacement  Needs  for  Bridges  That  Currently 

Receive  MgCI2 
(in  todays  dollars) 


Variation  in  Effect  of  Mp£l2  en  Service  Life 

0%(noMga2) 

20% 

25% 

30% 

Total  20  Year  Costs 

$81,277,827 

$107,642,173 

$111,281,543 

$122,054,358 

Total  20  Year  Cost  Increase  due  to  MgCfe 

0 

$26,364,346 

$30,003,716 

$40,776,531 

Total  60  Year  Costs 

$139,810,107 

$  183,269,602 

$192,489,110 

$207,106,602 

Total  60  Year  Cost  Increase  due  to  MgCI2 

0 

$43,459,496 

$52,679,003 

$67,296,495 

Table  10-5 

Table  10-6  that  follows  is  based  on  the  same  cost  analysis  data  as  in  Table  10-4,  with  the 
results  expressed  as  annuity  payments.  Recall  that  annuity  payments  are  the  amount  that 
would  have  to  be  invested  annually  for  the  entire  analysis  period  in  order  to  be  equivalent 
to  the  present  worth  sum.  The  results  have  also  been  expressed  as  the  annual  cost 
increase  due  to  the  effects  of  magnesium  chloride. 


Effect  of  Continued  Use  Of  MgCI2  on  Future  Annual  Bridge  Replacement  Needs  for  Bridges  That 

Currently  Receive  MgCI2 
(in  todays  dollars) 


Variation  in  Effect  of  MgCI2  on  Service  Life 

0%  (no  MgCI2) 

20% 

25% 

30% 

Average  Annual  Cost  (20  year  analysis) 

$  5,980,565 

$  7,920,500 

$8,188,291 

$  8,980,973 

Average  Annual  Cost  Increase  due  to  MgCI2 

$0 

$1,939,935 

$  2,207,726 

$  3,000,409 

Average  Annual  Cost  (60  year  analysis) 

$6,179,865 

$8,100,855 

$  8,508,374 

$9,154,494 

Average  Annual  Cost  Increase  due  to  MgCI2 

$0 

$1,920,990 

$  2,328,509 

$  2,974,629 

Table  10-6 
10.5.4.3      Variation  in  Future  Needs  for  the  Second  Management  Scenario 

Figures  10-22  to  10-24  that  follow,  show  the  effect  that  magnesium  chloride  will  have  on 
the  bridge  sites  that  are  currently  treated  with  magnesium  chloride  anti-icer.  These 
figures  represent  a  20-year  analysis,  with  only  a  20%  decrease  in  the  remaining  service 
life  of  the  structures.  Again,  this  20%  decrease  in  service  life  is  likely  a  conservative 
estimate  of  the  accelerated  deterioration  caused  by  magnesium  chloride.  Figures  tha  are 
similar  to  Figures  10-22  to  10-24  except  with  20%,  25%,  and  30%  decreases  in  the 
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remaining  bridge  service  lives  and  20  and  60-year  analysis  periods  are  located  in 
Appendix  C.  Additional  tables  that  detail  the  life  cycle  cost  analyses  for  all  cases 
described  above  are  also  located  in  this  Appendix  C. 

Future  Annual  Bridge  Replacement  Needs  If  Partial  System  Treated 
Assuming  MgCI2  Reduces  Service  Life  by  20% 
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Difference  in  Annual  Bridge  Replacement  Needs  If  Partial  System  Treated 
with  MgCI2  vs  NaCI  Assuming  MgCI2  Reduces  Service  Life  by  20% 
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10.5.4.4     Future  Costs  with  Inflation  for  the  Second  Management  Scenario 

Tables  10-7  and  10-8  are  similar  to  the  life  cycle  cost  analysis  summary  Table  10-5 
except  the  analysis  includes  a  6%  annual  increase  in  expenditures  due  to  rising  inflation 
and  increased  standards  for  the  replacement  bridges. 

Effect  of  Continued  Use  Of  MgCI2  on  Future  Bridge  Replacement  Needs  for  Bridges  That  Currently 

Receive  MgCI2 
(in  future  dollars) 


Variation  in  Effect  of  MgCI2  on  Service  Life 

0%(noMgCI2) 

20% 

25% 

30% 

Total  20  Year  Costs 

$155,642,896 

$188,693,503 

$193,965,661 

$218,429,101 

Total  20  Year  Cost  Increase  due  to  MgCI2 

0 

$  33,050,607 

$  38,322,765 

$  62,786,206 

Total  60  Year  Costs 

$531,758,250 

$831,577,840 

$835,489,817 

$1,003,906,122 

Total  60  Year  Cost  Increase  due  to  MgCI2 

0 

$  299,819,590 

$303,731,567 

$472,147,872 

Table  10-7 
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Effect  of  Continued  Use  Of  MgCI2  on  Future  Annual  Bridge  Replacement  Needs  for  Bridges  That 

Currently  Receive  MgCI2 
(in  future  dollars) 


Variation  in  Effect  of  MgCI2  on  Service  Life 

0%(noMgCI2) 

20% 

25% 

30% 

Average  Annual  Cost  (20  year  analysis) 

$6,252,162 

$  7,579,802 

$7,791,584 

$  8,774,278 

Average  Annual  Cost  Increase  due  to  MgCI2 

$0 

$1,327,640 

$1,539,422 

$2,522,117 

Average  Annual  Cost  (60  year  analysis) 

$  4,505,005 

$  7,045,048 

$7,078,190 

$  8,504,997 

Average  Annual  Cost  Increase  due  to  MgCI2 

$0 

$  2,540,043 

$2,573,185 

$  3,999,992 

Table  10-8 

Detailed  results  for  all  of  the  different  scenarios  are  included  in  Appendix  C.  This 
includes  detailed  results  and  charts  for  the  life  cycle  cost  analysis  with  future  dollars, 
varying  analysis  periods,  and  varying  effects  of  magnesium  chloride. 

10.5.4.5     Economic  Impact  From  a  Continued  Use  of  MgCb 

Just  as  the  economic  impact  of  using  receiving  magnesium  chloride  varied  due  to  many 
various  factors,  the  economic  impact  on  the  250  MDT  bridge  sites  that  are  currently 
receiving  magnesium  chloride  anti-icer  varies  as  well.  These  variations  are  due  to  many 
factors  such  as  the  analysis  period,  future  cost  of  money,  and  effect  on  individual  bridge 
service  lives.  The  life  cycle  cost  analysis  was  completed  using  several  assumed 
reductions  in  bridge  service  life,  20,  25  and  30%.  All  of  these  scenarios  have  annual 
capital  budgets  that  rise  and  fall.  Graphs  are  included  in  Appendix  C  to  show  how  the 
capital  budget  curves  change  shape  with  different  assumed  scenarios.  When  the  costs  are 
averaged,  the  annual  budgets  all  show  significant  increases  in  capital  budgets  to  cover  the 
reduced  service  lives  from  the  continued  use  of  magnesium  chloride.  Overall,  the  effect 
of  magnesium  chloride  on  future  capital  budgets  was  found  to  be  in  the  range  of  $2M  to 
3M  annually.  This  is  an  increase  of  30  to  50%  over  the  cost  of  managing  these  bridge 
sites  if  only  sodium  chloride  deicer  had  been  applied.  These  numbers  are  of  course 
expected  to  increase  if  magnesium  chloride  anti-icer  is  applied  to  an  increased  number  of 
bridge  sites. 
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SECTION  11  CONCLUSIONS 


11.1  GENERAL 


This  project  involved  a  limited  study  of  the  corrosion  effects  and  economic  impact  of 
bare  pavement  policy  using  magnesium  versus  sodium  chloride  on  Montana  bridges. 
Since  there  are  many  possible  economic  and  safety-related  benefits  from  using 
magnesium  chloride  anti-icing  practice,  this  study  provides  only  one  side  of  the  total 
picture.  MDT  has  well  established  purchasing  requirements  with  stringent  approval 
tests  for  chemicals  used  in  deicing  and  anti-icing,  but  the  tests  do  not  currently  include 
any  that  measure  the  impact  on  concrete  surfaces  or  corrosion  of  reinforced  concrete. 

Chloride  ions  penetrate  reinforced  concrete  and  induce  corrosion  damage  in  a  manner 
that  is  entirely  different  from  the  corrosion  of  exposed  steel  surfaces.  Magnesium 
chloride  contains  two  chloride  ions  for  each  molecule  while  sodium  chloride  contains 
one.  Previous  tests  by  MDT's  bridge  staff  had  reported  very  high  chloride  contents  on 
Montana  bridges  treated  with  magnesium  chloride.  Additional  chloride  tests  were 
done  as  part  of  this  study  to  verify  the  previously  reported  high  chloride  contents. 

A  total  of  twenty  Montana  bridges  were  field  tested,  ten  bridges  on  a  stretch  of 
Interstate  90  that  had  been  treated  primarily  with  magnesium  chloride  anti-icing  and 
another  ten  with  conventional  sodium  chloride  deicing  over  the  past  ten  years.  Four 
hundred  total  samples  were  taken  for  chloride  tests.  The  bridges  were  on  adjacent 
sections  of  Interstate  90,  so  the  traffic  counts  and  many  other  site  related  variables 
were  similar. 

Rather  than  take  totally  random  test  samples,  they  were  taken  from  representative 
locations,  half  from  the  right  traffic  lane  wheel  path  and  the  other  half  from  the  right 
shoulder  location  near  the  gutter-line.  The  tests  at  each  location  were  carefully  located 
to  represent  three  depths  from  the  surface.  The  test  data  was  used  to  investigate  the 
relevant  chloride  diffusion  parameters  that  relate  to  bridge  service  life.  SHRP 
procedures  involving  Fick's  Second  Law  of  Diffusion  were  used  for  analysis.  The 
chloride  parameters  were  used  to  find  the  affect  on  bridge  service  life  for  magnesium 
chloride  compared  to  sodium  chloride  deicer. 

Two  possible  pavement  management  scenarios  were  investigated  by  cost  analysis  for 
their  impact  on  bridges.  Their  cost  impacts  were  compared  with  the  control  scenario 
of  using  conventional  deicing  practice  with  sodium  chloride.     The  first  pavement 
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management  scenario  involved  a  hypothetical  situation  in  which  the  two-thirds  of 
Montana  bridges  currently  expected  to  need  regular  deicing  during  their  service  lives 
are  treated  from  this  point  on  with  magnesium  chloride.  The  second  management 
scenario  involved  the  bridge  costs  resulting  from  continuing  the  current  MDT  policy 
of  only  treating  certain  locations  with  magnesium  chloride  while  predominantly  using 
conventional  sodium  chloride  deicer.  A  conservative  approach  was  taken  throughout 
the  analysis,  and  the  conclusions  regarding  the  impact  of  magnesium  chloride  on 
bridges  are  believed  to  be  conservative. 

11.1.1        Chloride  Data  Analysis  Conclusions 

•  243%  higher  chloride  contents  were  found  in  the  wheel  path  test  locations  as 
compared  to  the  shoulder  locations.  The  finding  was  consistent  at  all  test  depths 
regardless  of  which  chemical  treatment  had  been  used. 

•  For  four  of  the  six  chloride  data  sets  taken  on  or  off  the  wheel  paths  and  at  three 
different  depths,  the  magnesium  chloride  exposed  bridges  had  slightly  higher 
chloride  contents  than  the  sodium  chloride  treated  sites.  The  differences  were  not 
statistically  significant,  and  could  be  explained  by  the  range  in  standard  deviation. 


• 


• 


• 


For  the  deeper  wheel  path  data  sets  the  differences  in  chlorides  were  significantly 
higher  for  the  magnesium  chloride  treated  decks.  The  data  showed  a  trend  to 
greater  difference  with  deeper  depth  from  the  surface. 

Magnesium  chloride-treated  decks  had  78%  (1.42  lb/yd  )  higher  chloride  contents 
than  sodium  chloride-treated  decks  at  1.5  inch  below  surface  depths  in  the  wheel 
paths.  The  data  ranged  from  31  to  125%  (0.56  to  2.28  lb/yd3)  higher  for 
magnesium  chloride. 

At  2.25-inch  depth  below  surface  in  the  wheel  paths,  the  chlorides  averaged  185% 
higher  for  the  magnesium  chloride-treated  decks. 

Chloride  diffusion  coefficients  were  calculated  and  averaged  for  each  deck.  The 
magnesium  chloride-treated  decks  had  120%  (0.048  in2/yr)  higher  diffusion 
coefficients  than  the  sodium  chloride-treated  decks  tested  in  wheel  path  locations. 
The  data  ranged  from  60  to  180%  (0.024  to  0.072  in2/yr)  higher  for  magnesium 
chloride-treated  decks  than  for  sodium  chloride-treated  decks. 

Magnesium  chloride  diffuses  more  quickly  through  concrete  than  sodium  chloride. 
This  may  be  the  result  of  its  hygroscopic  nature.  By  attracting  and  retaining 
moisture  in  concrete,  it  increases  the  speed  of  chloride  migration. 
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11.1.2  Bridge  Service  Life  Conclusions 

•  Magnesium  chloride  anti-icing  will  initiate  corrosion  of  reinforcing  steel  on  new 
unprotected  decks  ten  to  fifteen  years  sooner  than  sodium  chloride  deicers.  The 
reduction  in  time  to  corrosion  depends  on  factors  such  as  rebar  cover  depth, 
concrete  diffusion  coefficient,  and  others. 

•  The  bridge  service  life  of  magnesium  chloride-treated  bridges  will  be  less  than  that 
of  bridges  exposed  to  sodium  chloride  deicer.  The  amount  depends  on  such 
factors  as  reinforcing  steel  cover  depth  and  bridge  age  when  first  treated  with 
magnesium  chloride. 

•  Depending  on  bridge  age,  cover  depth,  amount  of  deicing,  and  other  factors,  the 
use  of  magnesium  chloride  will  reduce  the  service  life  of  new  bridges  by  20  to 
30%  and  the  remaining  service  life  of  old  bridges  by  the  same  percentage. 

•  The  amount  of  life  reduction  will  be  greater  on  new  bridges  with  high  rebar  cover 
than  older  ones  with  poor  cover.  For  example,  a  bridge  having  ten  years  of 
remaining  life  with  conventional  deicing  would  have  a  service  life  reduction  of 
only  two  to  three  years  when  deicing  was  replaced  with  magnesium  chloride  anti- 
icing,  while  a  new  bridge  would  have  a  reduction  in  service  life  of  ten  to  twenty 
years. 

11.1.3  Economic  Analysis  Conclusions 

11.1.3.1        Conclusions  Regarding  Conventional  Deicing  Practice 

If  the  portion  of  Montana  bridges  that  need  deicing  are  conventionally  deiced  with 
sodium  chloride, 

•  the  long  term  average  annual  budget  needed  for  bridge  replacement  to  maintain  the 
current  level  of  service  will  be  in  the  range  of  $24Million.  In  shorter  analysis 
periods  the  budgets  will  be  less,  and  they  will  fluctuate  over  time. 

•  For  group  of  -250  heavily  treated  bridges,  the  average  annual  bridge  replacement 
needs  for  the  next  thirty-plus  years  will  be  approximately  $12Million. 

•  A  significant  increase  in  annual  bridge  replacement  needs  can  be  expected  during 
the  next  twenty  years,  largely  due  to  the  aging  of  the  Interstate  bridges,  which  were 
constructed  over  a  limited  time  period. 
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•  For  the  group  of  moderately  chemically  treated  bridges  the  average  annual  bridge 
replacement  needs  for  the  next  thirty  plus  years  is  expected  to  be  approximately 
$9Million. 

11.1.3.2  Increased  Costs  If  Entire  System  Switched  to  Anti-Icing 

If  the  portion  of  Montana  bridges  that  need  deicing  are  switched  to  anti-icing  practice 
the  following  increased  bridge  replacement  budgets  will  be  needed: 

•  Annual  $  1 0.9Million  in  today's  dollars  over  the  next  20  years. 

•  Total  $148Million  in  today's  dollars  over  the  next  20  years. 

•  Total  $270Million  in  future  inflated  dollars  over  the  next  20  years. 

11.1.3.3  Increased  Costs  from  Limited  Magnesium  Chloride  Anti-Icing 

If  the  current  anti-icing  practice  of  treating  only  some  roads  with  magnesium  chloride 
is  continued,  the  following  increases  in  bridge  replacement  needs  will  result: 

•  the  long-term  average  annual  budget  needed  for  bridge  replacement  to  maintain  the 
current  level  of  service  will  be  in  the  range  of  $2Million  (today's  dollars). 

1 1.1.4        Effectiveness  of  Previous  Deck  Repairs 

•  Analysis  of  chloride  profiles  taken  on  the  two  1993  epoxy  overlays  showed  that  the 
increase  in  deck  service  life  will  likely  range  from  12  to  29  years.  The 
effectiveness  of  epoxy  overlay  will  be  greater  when  applied  as  a  protection  system 
prior  to  the  development  of  substantial  corrosion  and  damage. 

•  Analysis  of  chloride  profiles  taken  on  a  1993  latex-modified  concrete  overlay 
showed  an  expected  increase  in  deck  service  life  of  about  29  years. 

1 1.2  DISCUSSION  FROM  CONCLUSIONS 

Some  conclusions  require  additional  discussion. 

11.2.1        Observed  Effects  in  Wheel  Paths 

Assuming  the  width  of  an  average  wheel  path  as  three  feet,  and  two  wheel  paths  per 
lane,  the  typical  bridge  deck  surface  has  about  40%  of  its  area  in  the  wheel  paths.  The 
increased  rate  of  chloride  diffusion  in  the  wheel  path  areas  is  significant  in  its  impact 
on  the  bridge  deck  service  life.   Corrosion  induced  potholes  in  the  gutters  do  not  have 
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to  be  immediately  repaired.  Potholes  and  damage  located  in  the  wheel  paths  must 
receive  immediate  attention  to  protect  public  safety.  Such  repairs  are  extremely 
expensive. 

1 1 .2. 1 . 1  Possible  Causes  of  Wheel  Path  Effects 

There  are  several  possible  reasons  why  chlorides  would  penetrate  more  quickly 
through  concrete  in  the  wheel  paths.  Reasons  affecting  the  chloride  diffusion  rate 
include  the  following: 

•  Fluid  pumping  action  caused  by  tire  pressure  on  wet  road  surfaces, 

•  Extra  moisture  in  the  wheel  paths  carried  by  tires.     Moisture  is  known  to 
increase  rate  of  diffusion, 

•  Tire  friction  keeps  the  wheel  paths  warmer  than  the  adjacent  concrete,  and 
temperature  increases  rate  of  diffusion. 

Possible  causes  of  increased  chloride  content  in  wheel  paths  include: 

•  Continual   replenishment  of  surface  chlorides  in  the  wheel  paths  due  to 
tracking  by  tires  from  the  treated  approach  roads, 

•  Studded  snow  tires  wear  away  the  concrete  surface,  exposing  capillaries  to 
allow  increased  absorption  of  chlorides. 

1 1.2.1.2  Heavier  Chemical  Treatment  of  Saltese  Bridges 

Interstate  90  in  the  Saltese  District  has  higher  snowfall,  moisture  and  anti-icing 
application  than  in  the  Superior  District.  Does  this  account  for  the  higher  chlorides 
found  in  the  Saltese  District? 

Had  the  chlorides  been  sampled  randomly  on  the  twenty  decks,  the  above  question 
would  likely  have  been  answered  affirmatively.  By  chance,  the  tests  were  taken  half  in 
the  wheel  path  and  half  near  the  gutter-line.  The  gutter-line  data  shows  similar 
chlorides  for  both  the  Saltese  and  Superior  Districts.  Higher  moisture  levels  in  the 
Saltese  District  may  account  for  reduced  chloride  absorption  rates  due  to  less  capillary 
suction  at  the  bridge  deck  surface.  The  increased  chlorides  occur  in  the  wheel  path 
areas,  the  worst  area  on  a  bridge  deck  in  terms  of  its  impact  on  service  life. 
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1 1.2.2  Long  Term  Bridge  Management  Budget  Implications 

The  cost  analysis  predicts  an  increase  in  the  MDT  annual  budget  due  to  use  of 
magnesium  chloride  anti-icers.  This  increase  is  likely  to  occur  over  a  period  of  time  as 
the  increased  needs  caused  by  deterioration  begin  to  be  obvious.  Initially,  the  overall 
level  of  service  of  the  bridge  system  will  gradually  fall  until  the  needs  become 
apparent. 

Another  interesting  trend  was  observed  during  the  course  of  this  study.  This  trend  will 
create  the  need  for  increased  budgets  due  to  replacement  and  rehabilitation  of  the 
Interstate  bridges.  The  oldest  'baby  boomer '  bridges  are  now  approaching  the  ends  of 
their  service  lives.  The  data  shows  the  trend  towards  increased  budgets  is  likely  to 
begin  soon  and  continue  for  about  twenty  years. 

1 1.2.3  Effectiveness  of  Deck  Repairs 

The  chloride  profiles  showed  the  deck  repairs  to  be  performing  well  in  terms  of 
slowing  the  ingress  of  chlorides.  This  will  result  in  increased  service  life.  The  amount 
of  service  life  extension  for  any  particular  site  will  depend  on  factors  such  as  the  repair 
method  selected,  the  timing  of  the  repair,  and  the  quality  of  the  work.  For  example, 
latex  overlays  done  on  heavily  salt  contaminated  decks  will  provide  longer  service 
lives  if  the  amount  of  concrete  removed  is  based  on  measured  chloride  levels.  Leaving 
too  much  chloride  in  the  deck  will  shorten  the  life  of  the  repair.  Another  example  is 
that  epoxy  overlays  are  preventive  in  nature  and  work  much  better  if  done  prior  to  too 
much  chloride  ingress.  If  an  epoxy  overlay  is  applied  after  too  much  chloride  has  been 
absorbed  the  effect  is  the  same  as  just  covering  up  the  problem,  which  festers  away 
independently  of  the  repair. 
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12.1  RECOMMENDATIONS  FOR  FURTHER  ACTION 

It  is  recommended  that  MDT  consider  the  following: 

•  Conduct  a  further  study  to  quantify  to  quantify  the  user  benefits  of  magnesium 
chloride  use.  This  will  provide  a  more  complete  picture  from  which  to  make 
future  decisions  regarding  further  development  of  anti-icing  practice. 

•  Revise  the  product  approval  method  to  include  the  following: 

1.  Compatibility  With  Metals  in  Concrete  (SHRP  H-205.12) 

2.  Compatibility  With  Concrete  and  Nonmetals  (SHRP  H-205.8  and  H-205.9) 

•  Organic  corrosion  inhibitor  research  is  needed  to  investigate  corrosion  protection 
performance  in  reinforced  concrete: 

1 .  Do  they  prevent  corrosion  (SHRP  H-205 .12)? 

2.  Can  they  migrate  through  concrete? 

3.  Are  the  acidic  ones  effective  in  normal  concrete,  which  is  highly  alkaline? 

4.  Do  they  migrate  through  concrete  as  fast  as  magnesium  chloride? 

•  Use  the  chloride  test  data  and  other  information  of  this  report  as  a  baseline  for 
future  comparison  of  chloride  penetration  and  absorption  with  time. 

•  Revise  routine  chloride  sampling  procedures  to  consider  the  findings  on  chloride 
build-up  in  wheel  path  versus  non-wheel  path.  Record  future  test  locations  with 
respect  to  edge  distance  and  wheel  path  location.  Should  future  chloride  testing  be 
done  only  in  wheel  paths,  since  this  will  reduce  the  test  data  scatter,  and  the  wheel 
paths  are  the  critical  areas  where  corrosion  damage  has  a  greater  impact  on  the 
deck  service  life? 


• 


Review  previous  MDT  chloride  bridge  deck  test  data  for  comparison  with  the 
findings  of  this  report. 
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•  Set  up  a  bridge  chloride  database  to  record  future  data.  Select  and  test 
representative  new  bridges  for  magnesium  chloride's  effect  on  reinforced  concrete. 
Document  all  relevant  parameters  influencing  chloride  ingress,  such  as  types  of 
deicer,  application  amount  and  year,  location  of  test  within  the  deck  cross  section, 
concrete  and  weather  parameters. 

•  Use  Copper  Sulfate  Electrode  (ASTM  C-876)  tests  on  the  same  twenty  Interstate 
90  bridges  involved  in  this  study  to  confirm  the  study  findings. 

•  Investigate  the  following: 

1.  Should  future  chloride  testing  be  done  only  in  wheel  paths,  since  this  will 
reduce  the  test  data  scatter,  and  the  wheel  paths  are  the  critical  areas  where 
corrosion  damage  has  a  greater  impact  on  the  deck  service  life? 

2.  Will  the  impact  of  magnesium  chloride  to  new  bridges  be  greater  than  the 
impact  on  older  bridges  where  sodium  chloride  was  used  for  many  years? 

3.  Does  anti-icing  result  in  increased  chloride  absorption  compared  to  deicing? 

4.  How  does  ambient  moisture  level  (rainfall)  affect  the  rate  of  chloride 
absorption  into  concrete? 
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1.0        STATISTICAL  ANALYSIS  OF  CHLORIDES  AND  DIFFUSION  COEFFICIENTS 

The  goal  of  the  statistical  analysis  of  the  chloride  data  and  diffusion  coefficients  was  to 
determine  the  statistical  difference  between  these  variables  in  bridges  that  have  been 
exposed  to  magnesium  chloride  deicer  and  bridges  that  have  been  exposed  to  sodium 
chloride  deicer.  The  analysis  was  first  performed  on  the  measured  chloride  data  followed 
by  the  calculated  diffusion  coefficients.  The  same  steps  were  followed  for  both  groups. 

1.1        Statistical  Analysis  -  Theory 

The  following  sub-sections  describe  the  theory  of  the  statistics  used  in  the  analysis.  The 
results  of  the  statistical  analysis  are  given  in  Section  1.2. 

1.1.1     Statistical  Descriptive  Measures  (u,  a,  V) 

The  first  step  in  the  data  analysis  was  the  determination  of  the  key  statistical  parameters 
for  each  data  group.  The  mean  (u.),  standard  deviation  (a)  and  the  coefficient  of  variation 
(V)  were  calculated  for  each  group.  The  mean  is  the  average  chloride  level  (or  diffusion 

n 

coefficient)  in  the  data  group  and  is  calculated  using  the  equation     /j  =  — — ,  where  Xj 

n 

is  the  individual  data  point  and  n  is  the  total  number  of  data  points.     The  standard 

deviation  provides  a  measure  of  the  central  tendency  of  the  data  set  about  the  mean.  It  is 

fe*,-/> ) 

determined  using  the  equation  a  =  \\— ,  where  x„  n  and  u.  are  as  described 

I         n-1 

above.      A  larger  standard  deviation  indicates  high  scatter  of  the  data  from  the  mean 

while  a  smaller  standard  deviation  indicates  a  tighter  data  set  about  the  mean.     The 

coefficient  of  variation  is  a  measure  of  the  relative  variation  of  the  data  about  the  mean 

and  is  given  by  the  following  formula,  V  =  —  .  The  coefficient  of  variation  provides  the 

M 

standard  deviation  as  a  percentage  the  mean.    This  allows  the  standard  deviations  of 

several  data  sets  to  be  compared  on  an  equivalent  scale.  A  lower  coefficient  of  variation 

indicates  a  more  accurate  data  set,  that  is,  less  scatter  in  the  data.    This  relationship  is 

useful  in  determining  the  effect  of  a  transformation  on  the  data  set  by  comparing  V 
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before  and  after  the  transformation.  Transformations  on  the  data  groups  will  be  discussed 
in  Section  1.1.3. 

1.1.2     Normality  of  the  Data  Groups 

The  tests  used  to  make  a  statistical  comparison  of  the  chloride  levels  and  diffusion 
coefficients  in  the  magnesium  chloride  deiced  bridges  and  the  sodium  chloride  deiced 
bridges  have  a  requirement  that  the  source  data  come  from  a  normal  population.  That  is, 
if  an  infinite  number  of  samples  were  taken,  the  distribution  of  the  data  about  the  mean 
would  take  the  shape  of  a  normal  probability  curve,  also  know  as  the  "bell  curve".  Two 
techniques  were  used  in  this  study  to  assess  the  "normality"  of  the  data  groups, 
histograms  and  normal  scores  plots. 

Histograms 

Histograms  were  created  to  plot  the  frequency  distribution  of  each  data  group.     A 

histogram  graphically  illustrates  the  frequency  distribution  of  the  data.     That  is,  the 

number  of  data  points  that  fall  between  any  given  interval.    Histograms  give  a  quick 

indication  of  whether  or  not  the  data  is  normally  distributed.  The  histogram  will  take  the 

shape  of  a  bell  curve  if  the  data  is  normally  distributed.  A  typical  histogram  is  given  in 

Figure  2. 

Frequency  Distribution  of  CI-  Levels  at  the  0.5"  Test  Depth 
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In  Figure  2,  the  magnesium  chloride  (rw)  series  seems  to  be  skewed  to  the  right.  That  is, 
there  are  more  values  higher  than  the  average  than  lower  than  the  average.  The  sodium 
chloride  (rw)  series  seems  to  be  more  "bell-shaped",  but  it  is  not  extremely  clear.  In 
order  to  make  a  more  accurate  assessment  of  the  normality  of  the  data,  a  second,  more 
rigorous  method  should  be  employed.  Normal-scores  plots  provide  a  better  indication  of 
whether  or  not  the  data  follows  a  normal  distribution. 


Normal-Scores  Plots 

The  second  method  of  testing  normality  is  the  normal-scores  plot.  A  normal-scores  plot 
is  a  plot  of  the  observed  data  against  the  idealized  normal  distribution.1  The  observed 
data  is  sorted  in  increasing  magnitude  and  a  normal-score  is  calculated  for  each  data 
point.  The  observed  data  is  then  plotted  against  its  normal-score.  A  discussion  of  normal 
score  values  is  required. 

The  normal-score  is  a  value  taken  from  the  standard  normal  probability  plot.  It  is  also 
referred  to  as  the  z-score.  The  standard  normal  probability  plot  (or  bell  curve)  is  a  bell 
curve  with  a  mean  of  0  and  a  standard  deviation  of  1.  The  variable  z  is  the  independent 
variable  (on  horizontal  axis)  on  the  bell  curve  plot.  For  each  value  of  z,  there  is  a 
corresponding  probability  of  that  value  of  z  occurring  in  a  series  of  observations,  read  off 
of  the  bell  curve.  Z  can  be  calculated  for  any  data  point  of  a  data  set,  provided  the  mean 
and  standard  deviation  of  the  data  set  are  known  or  have  been  calculated.  Z  is  calculated 

x  —  u. 

using  the  formula  Z  = .  Using  this  formula,  a  standardized  value  can  be  calculated 

cr 

for  any  data  point,  regardless  of  magnitude.    Using  the  z  values  from  the  standard  bell 

curve,  the  normal-score  plot  can  be  constructed. 

The  number  of  data  points  in  question  determines  the  z  values  used  for  the  normal-scores 
plot.  For  example,  if  there  are  4  observed  data  points,  the  standard  bell  curve  is  divided 
into  5  equal  parts.  This  gives  4  z  values  (or  normal  scores)  at  equal  intervals.  This  is 
illustrated  on  the  normal  probability  plot  shown  in  Figure  3. 


Miller,  Freund,  Johnson;  Probability  and  Statistics  for  Engineers;  pages  171-173  for  explanation  of  normal-scores 
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-1.5  -0.5 


Figure  3  -  Standard  Normal  Probability  Plot 

The  observed  data  points  are  sorted  in  order  of  increasing  magnitude.  Each  observed 
data  point  is  given  a  corresponding  z-score,  depending  on  where  it  ranks.  For  example, 
the  smallest  data  point  would  be  given  a  z-score  of  -1.5,  the  second  smallest  point  would 
be  given  a  z-score  of -0.5  and  so  on.  A  plot  is  then  made  of  the  normal-score  versus  the 
observed  value,  with  the  normal-score  being  on  the  x-axis.  Data  is  considered  to  have  a 
normal  probability  distribution  if  the  plot  of  its  normal-scores  is  linear  in  nature.  The 
closer  the  data  plots  to  a  straight  line,  the  more  valid  the  assumption  of  a  normal 
distribution  is.  An  example  of  a  normal-scores  plot  is  given  in  Figure  4. 
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Figure  4  -  Normal-Scores  Plot  of  Dr  Values 

Notice  that  the  normal-scores  plot  in  Figure  4  is  not  linear.  Its  shape  is  similar  to  an 
exponential  curve.  This  shape  suggests  that  a  mathematical  transformation  is  needed  to 
give  the  data  set  a  normal  distribution. 
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1.1.3     Transformation  of  the  Data  to  a  Normal  Distribution 

In  order  to  approximate  a  normal  population  more  accurately,  a  data  set  can  be  subjected 
to  several  types  of  mathematical  transformations.  The  type  of  transformation  used 
generally  depends  on  the  manner  in  which  the  data  plots  on  the  normal-scores  plot.  In 
the  case  of  the  data  plotted  in  Figure  4,  an  exponential  pattern  in  the  data  is  observed.  In 
order  to  create  a  linear  relationship,  the  larger  data  points  must  be  decreased  in  magnitude 
while  the  smaller  values  remain  relatively  unchanged.  Several  mathematical 
relationships  can  be  used  to  achieve  this  transformation,  among  them  In  (x),  x1/2  and  x1/4, 
where  x  is  the  original  value  of  the  data.  It  should  be  noted  that  these  transformations  are 
applied  only  for  statistical  purposes.  They  are  not  used  to  make  the  data  correlate  better. 
The  transformed  values  are  only  used  during  statistical  tests  and  following  the  tests,  are 
converted  back  to  their  original  value  by  reversing  the  transformation. 

In  order  to  determine  which  transformation  relationship  is  best  for  the  data,  the  data  is 
subjected  to  each  transformation.  Following  the  transformation  of  the  data  by  the 
relationships  mentioned  previously,  a  regression  analysis  is  performed  to  determine 
which  transformation  provided  the  most  linear  normal-scores  plot. 


The  first  step  of  the  regression  analysis  involves  the  creation  of  best-fit  lines  for  the 
original  data  and  the  transformed  data  against  the  normal-scores  data.  The  closer  the  data 
is  to  the  best-fit  line  on  the  normal-scores  plot,  the  better  the  data  fits  a  normal 
probability  distribution.  The  residual  value  defines  this  "closeness".  The  residual  is  the 
numerical  difference  between  the  y-value  of  the  actual  data  point  and  the  y-value  of  the 
best-fit  line  at  the  same  location  on  the  x-axis  as  the  actual  data  point.  Residuals  are 
illustrated  in  Figure  5  below. 

Normal  Score  Plot  for  MgCI2  Bridges  (shoulder  -  0.5"  depth) 
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Figure  5  shows  a  linear  best-fit  line  created  for  the  normal-scores  plot  of  chlorides  at  the 
0.5in.  (12.5mm)  depth  along  the  shoulder  line  of  magnesium  chloride  exposed  bridges.  If 
the  observed  data  or  the  transformed  data  is  relatively  close  to  the  best-fit  line  on  the 
normal-scores  plot,  it  indicates  a  near-normal  distribution.  The  plot  of  the  residuals  for 
each  data  series  (original  data  and  transformed  data)  against  the  normal-scores  provides  a 
strong  indication  of  which  transformation,  if  any,  makes  the  data  fit  the  normal 
distribution  in  the  most  accurate  manner.  Figure  6  shows  a  typical  residual  plot  used  in 
this  study. 


Residual  Plot  for  MgCI2  Bridges  (shoulder  -  0.5"  depth) 
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Figure  6  -  Normal-Scores  Residual  Plot  for  Transformed  Chlorides 

The  residuals  have  been  plotted  as  a  percentage  of  the  predicted  value.  By  doing  this,  all 
the  residuals  are  on  an  equal  scale  and  can  be  compared  visually.  In  Figure  6,  each  series 
represents  a  different  data  transformation.  The  series  with  residual  values  closest  to  0%, 
on  average,  gives  the  transformation  that  best  approximates  a  normal  distribution. 
Now  that  the  data  has  been  transformed  so  that  it  fits  the  normal  probability  distribution, 
statistical  tests,  such  as  hypothesis  tests,  can  be  performed  on  the  data  set(s).  Hypothesis 
testing  was  used  in  this  study  to  determine  the  differences  between  bridge  decks  exposed 
to  magnesium  chloride  deicer  and  decks  exposed  to  sodium  chloride  deicer.  Hypothesis 
testing  is  explained  in  the  following  section. 
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1.1.4     Hypothesis  Testing 

The  hypothesis  testing  completed  in  this  study  can  be  grouped  into  three 
tests/calculations.  The  z-test  (or  t-test)  is  performed  to  compare  averages  of  two  data 
sets.  The  F-test  is  performed  to  compare  the  standard  deviations  of  two  data  sets. 
Finally,  a  confidence  interval  calculation  is  made  to  determine  the  range  of  difference 
between  two  data,  given  a  certain  level  of  allowable  error.  These  three  groups  are 
described,  in  detail,  in  the  remainder  of  Section  1 . 1 .4. 

The  z  and  t-Tests 

The  primary  statistical  test  for  comparing  two  sample  groups  is  the  hypothesis  test.  In 
this  test,  a  hypothesis  is  chosen,  called  the  null  hypothesis,  and  a  statistical  test  is 
performed  to  determine  if  the  data  satisfies  the  hypothesis.  In  the  case  of  this  study, 
comparisons  between  the  chloride  levels  on  magnesium  chloride  and  sodium  chloride 
treated  bridges  and  diffusion  coefficients  of  magnesium  chloride  and  sodium  chloride 
treated  bridges  were  required.  The  null  hypothesis  that  was  chosen  for  this  study  was  that 
the  average  chloride  level/diffusion  coefficient  of  the  magnesium  chloride  decks  ((ivig)  at 
a  specific  depth  and  location  was  equal  to  the  average  chloride  level/diffusion  coefficient 
in  the  sodium  chloride  decks  (|iNa)  at  the  same  depth  and  location.  A  second  hypothesis, 
the  alternate  hypothesis,  is  made  for  the  cases  where  the  null  hypothesis  does  not  pass  the 
test.  The  alternate  hypothesis  chosen  for  this  study  was  that  |i\ig  was  greater  than  |iNa- 

The  z-test  was  used  in  this  study  to  determine  whether  or  not  there  was  a  statistical 

difference  between  the  chloride  levels/diffusion  coefficients  on  magnesium  chloride  and 

sodium  chloride  treated  bridges.  In  the  z-test,  a  value  z  is  calculated  from  the  means  and 

standard  deviations  of  the  data  sets  being  compared."    Z  is  computed  using  the  following 

u.  —  LI-,  —  d 
formula:  z  =  '    — ,  where  n,  a  and  n  are  the  mean,  standard  deviation  and  number 


of  data  points,  respectively,  and  5  is  the  hypothesis  constant.  Since  we  are  dealing  with  a 
null  hypothesis  (i.e.  |ii  -  fi2  =  0),  5  =0.  The  calculated  value  of  z  is  then  compared  to  a 
value  of  z  read  from  the  normal  probability  plot,  as  discussed  in  Section  1.1.2.  If  the 
computed  value  of  z  lies  between  z  and  -z  read  from  the  normal  probability  curve,  the 
null  hypothesis  is  correct.  Otherwise,  the  null  hypothesis  is  not  true  and  the  alternate 
hypothesis  must  be  accepted. 

The  z  value  that  is  taken  from  the  normal  probability  plot  is  determined  by  the  "level  of 
significance"  that  is  chosen  for  the  test.  For  this  study,  a  level  of  significance  of  5%  was 


Miller,  Freund,  Johnson;  Probability  and  Statistics  for  Engineers;  pages  240-242  for  explanation  of  z-test 
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deemed  sufficient.  That  is,  there  is  only  a  5%  chance  that  the  result  from  the  z-test  would 
be  an  error.  The  level  of  significance  is  referred  to  as  a  in  the  hypothesis  test.  Since  the 
"bell  curve"  is  symmetrical  about  the  mean,  the  level  of  significance  must  be  divided  by 
two  in  order  to  account  for  cases  where  the  difference  in  the  means  is  a  positive  or  a 
negative  number.  That  is,  the  chance  of  error  is  ±  2.5%,  for  a  total  chance  of  error  of 
5%. 

In  cases  where  smaller  sample  sizes  exist  (the  number  of  samples  is  less  than  30),  another 

test,  similar  to  the  z-test,  should  be  used  for  greater  accuracy.  This  test,  called  the  t-test, 

is  also  a  hypothesis  test.  The  difference  in  the  t-test  is  the  variable  that  is  compared.    In 

the  t-test,  a  variable  t  is  calculated  and  then  compared  to  a  value  of  t  for  a  certain  level  of 

significance.    The  t-variable  is  much  like  the  z-variable,  except  that  it  accounts  for  the 

size  of  the  sample  in  its  calculation.     It  is  calculated  according  using  the  following 

x,-x7-S             In.nJn,  +  n1  -2)  - 

formula:  t  =    ,  =  =    ■ ,  where  x  ,  s  and  n  are  the  mean, 

V(/2,-lK+(»2-l>:   V  "l+"2 

standard  deviation  and  number  of  data  points,  respectively,  and  8  is  the  hypothesis 
constant  mentioned  previously.  In  the  calculation  of  t,  x  and  s  replace  \i  and  a  because 
it  is  assumed  that  due  to  the  small  number  of  data  points,  the  data  set  is  a  sample  rather 
than  an  accurate  representation  of  the  population.  The  value  of  t  that  is  compared  to  the 
value  calculated  using  the  formula  above  is  taken  from  a  t-distribution.  The  t-distribution 
is  much  like  the  normal  distribution.  However,  depending  on  the  size  of  the  data  set,  the 
shape  of  the  t-distribution  changes.  The  shape  is  defined  by  the  degree  of  freedom  of  the 
data  set.  The  degree  of  freedom  is  calculated  using  the  formula  v  =  n  -  1 ,  where  n  is  the 
number  of  data  points  in  the  set.  When  the  degree  of  freedom  approaches  30,  the  t- 
distribution  approximates  the  normal  distribution  used  in  the  z-test.  The  normal 
distribution  is  actually  a  specific  case  of  the  t-distribution  when  the  degree  of  freedom 
approaches  infinity  (or  for  practical  purposes,  greater  than  30).  Because  the  sample  sizes 
in  this  study  were  typically  less  than  30,  the  t-test  was  used  instead  of  the  z-test. 

The  F-test 

A  second  test  performed  on  the  magnesium  chloride  and  sodium  chloride  data  sets  was 
the  F-test.  This  test  compares  the  variances  (square  of  the  standard  deviations)  of  the  two 
data  sets  instead  of  the  means,  which  were  compared  in  the  t-test/  The  steps  taken  in  this 
test  are  the  same  as  in  the  t-test,  except  that  a  different  probability  plot  is  used.  Instead  of 
the  normal  probability  plot,  the  F-distribution  is  used.  This  distribution  provides  a 
statistic  based  on  the  ratio  of  the  sizes  of  the  two  data  sets  and  the  probability  of  error  (the 
same  probability  of  error  used  for  the  z-test  was  used  for  the  F-test).  The  result  of  the  F- 
test,  like  the  t-test,  is  the  acceptance  or  rejection  of  a  null  hypothesis.  The  null  hypothesis 


3  Miller,  Freund,  Johnson;  Probability  and  Statistics  for  Engineers;  pages  263-264  for  explanation  of  F-test 
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used  in  this  study  was  a\tg2  =  a^a2.  If  the  calculated  value  of  F  is  greater  than  the  value 
of  F  from  the  F-distribution,  the  null  hypothesis  must  be  rejected  and  the  alternate 
hypothesis  of  Givig2  >  c*Na2  is  true. 

In  addition  to  comparing  the  variances  of  two  data  sets,  the  F-test  verifies  or  discredits  an 
assumption  made  for  the  z  and  t-tests.  In  the  z  and  t-tests,  where  the  means  of  two  data 
sets  are  compared  for  equality,  it  was  assumed  that  the  variances  of  the  two  data  sets 
were  statistically  equal.  The  F-test  verifies  if  that  assumption  was  valid.  In  cases  where 
the  F-test  shows  the  variances  to  be  unequal,  one  must  be  cautious  about  applying  the 
results  of  the  t-test,  since  the  underlying  assumption  of  the  test  is  not  completely  accurate. 

Confidence  Intervals 

In  cases  where  a  difference  in  the  means  is  identified,  the  likely  size  of  that  difference 
can  be  determined  using  a  confidence  interval  calculation.  Confidence  intervals  are 
calculated  because  there  is  uncertainty  in  the  numerical  difference  (ui  -  \iz)  of  the  means. 
Each  of  the  data  sets  has  some  variation  in  it.  This  is  quantified  by  the  data  set's  standard 
deviation.  Since  each  data  set  has  a  certain  variation  from  its  mean  value,  the  difference 
between  the  mean  values  of  the  data  sets  will  also  have  some  variation.  It  is  this  variation 
in  the  difference  that  is  determined  by  performing  a  confidence  interval  calculation. 

The  confidence  interval  provides  a  range  of  likely  values  of  ui  -  U2.  The  interval  is 
calculated  as  u.i  -  \±2  ±  za.  In  this  case,  z  is  calculated  based  on  the  level  of  significance 
that  is  chosen.  For  a  level  of  significance  of  ±  2.5%,  as  used  in  the  previous  tests,  z  = 
1.96.  If  the  t-test  is  used,  as  in  this  study,  the  confidence  interval  is  calculated  in  the 
same  manner,  replacing  z  with  t  in  the  formula  above.  The  result  of  the  confidence 
interval  calculation  is  a  range  in  the  difference  for  a  given  probability. 

1.2       Statistical  Analysis  -  Results 

1.2.1     Statistical  Descriptive  Measures  (u,  a,  V) 

Chloride  Data 

The  descriptive  measures  calculated  for  each  chloride  data  group  are  shown  in  Appendix 
A-6.  For  the  magnesium  chloride  treated  bridges,  the  coefficients  of  variation  range  from 
0.34  to  1.55.  V  ranges  from  0.34  to  1.89  for  the  sodium  chloride  treated  bridges  and  from 
0.50  to  1.36  for  the  rehabilitated  bridges.  These  values  of  V  give  the  first  indication  that 
the  data  set  is  fairly  scattered  and  that  the  data  may  need  to  be  transformed  in  order  to  do 
a  statistical  comparison  between  the  magnesium  chloride  bridges  and  the  sodium  chloride 
bridges. 
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Diffusion  Coefficients 

The  descriptive  measures  described  in  Section  1.1.1  and  calculated  for  the  chloride  data 
were  calculated  for  the  Dc  values.  Appendix  A-7  shows  these  measures,  sorted  by  bridge 
type  and  test  line  location.  In  the  case  of  the  Dc  values  along  the  shoulder  line,  for  both 
magnesium  chloride  and  sodium  chloride  bridges,  V  ranges  from  1.42  to  1.93.  This 
indicates  a  very  high  degree  of  scatter  in  the  data  and  like  the  chloride  data,  gives  a  strong 
indication  that  a  transformation  may  be  required.  The  Dc  values  calculated  for  the  right 
wheel  line  show  less  scatter,  with  V  ranging  from  0.55  to  0.80. 

1.2.2  Normality  of  the  Data  Groups 

Chloride  Data 

-  Histograms 

Histograms  for  the  three  bridge  types  are  provided  in  Appendix  A-8.  A  histogram  was 
created  for  each  test  depth  (0.5in.  (12.5mm),  1.5in.  (37.5mm)  and  2.25in.  (56.3mm))  and 
each  test  location  (shoulder  and  wheel  path),  with  the  frequency  distribution  of  the 
readings  from  the  magnesium  chloride  bridges  and  sodium  chloride  bridges  being 
compared  on  the  plot.  The  histogram  plots  indicated  that  the  data  was  somewhat  normal 
in  distribution,  but  that  deviation  from  the  normal  distribution  did  exist  (shown  by  long 
tail  sections  and  a  lack  of  symmetry).  Due  to  this  uncertainty  a  second  method  of  testing 
normality  of  the  data  was  performed. 

-  Normal-Scores  Plots 

The  normal-scores  plots  for  the  three  bridge  types  are  provided  in  Appendix  A-9.  A 
normal-scores  plot  was  generated  for  each  bridge  type  (magnesium  chloride,  sodium 
chloride,  rehabilitated)  and  for  each  line  of  testing  (shoulder,  right  wheel  line).  Each  test 
depth  is  shown  on  the  normal-scores  plot.  The  normal-scores  plots  show  that  the  data  has 
a  tendency  to  deviate  more  from  a  straight  line  as  the  normal-score  increases.  This  trend 
provides  sufficient  evidence  that  the  data  should  be  transformed  prior  to  statistical 
analysis  in  order  to  give  the  most  accurate  results. 

Diffusion  Coefficients 

-  Histograms 

Histogram  plots  for  the  shoulder  and  right  wheel  Dc  values  for  the  two  bridge  types  are 
included  in  Appendix  A- 10.  It  should  be  noted  that  the  average  Dc  for  each  test  hole  was 
used  in  the  statistical  analysis,  including  histograms,  normal-scores  plots  and  regression 
calculations.  The  histograms  show  the  same  type  of  skewness  in  the  distribution  as  the 
chloride  data  showed.  In  addition,  there  is  a  greater  frequency  of  Dc  values  greater  than 
the  average  Dc  of  each  group  (i.e.  skewed  to  the  right). 
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-  Normal-Scores  Plots 

Normal-scores  plots  were  created  for  the  magnesium  chloride  and  sodium  chloride 
bridges  and  are  given  in  Appendix  A-l  1.  These  plots  use  the  average  Dc  value  calculated 
at  each  test  hole  as  their  data  source.  The  normal-scores  plots  show  a  clear  trend  in  the 
Dc  data.  In  all  four  groups,  an  exponential-type  pattern  in  the  normal-scores  data  is 
visible.  As  was  the  case  with  the  chloride  data,  a  transformation  such  as  In  (Dc),  Dc1/2  or 
Dcl/4  seems  appropriate  in  order  to  achieve  a  normal  distribution  of  the  Dc  values. 


1.2.3  Transformation  of  the  Data  to  a  Normal  Distribution 

Chloride  Data 

Residual  plots  for  all  the  test  depths  and  test  locations  on  the  magnesium  chloride  bridges 
are  given  in  Appendix  A- 12.  Since  the  normal-scores  plots  for  the  sodium  chloride 
bridges  were  similar  in  shape  as  the  plots  for  the  magnesium  chloride  bridges,  residuals 
were  only  calculated  for  the  magnesium  chloride  bridges.  The  residual  plots  show  that 
the  data  transformed  by  the  expression  y  =  xl/4  are  closest  to  0%  in  the  majority  of  the 
cases.  Thus,  y  =  xl/4  is  the  most  accurate  transformation  to  use  to  make  the  data  fit  the 
normal  probability  distribution.  The  transformed  data  for  the  three  bridge  types  is  given 
in  Appendix  A- 13. 

For  comparison  purposes,  the  descriptive  measures  discussed  in  Section  1.1.1  were 
recalculated  for  the  X1/4-transformed  data.  The  descriptive  measures  are  given  in 
Appendix  A- 14.  The  effect  of  the  transformation  of  the  data  is  clear  when  values  of  V 
are  examined.  For  example,  for  magnesium  chloride  bridges,  values  of  V  along  the  right 
wheel  line  for  the  original  data  were  0.69,  0.88  and  1.55  for  the  0.5in.  (12.5mm),  1.5in. 
(37.5mm)  and  2.25in.  (56.3mm)  depths.  Values  of  V  for  the  same  locations  for  the 
transformed  data  were  0.18,  0.35  and  0.61.  This  significant  reduction  in  V  indicates  that 
the  transformed  data  is  much  tighter  about  the  mean  and  more  normal  in  distribution. 

Diffusion  Coefficients 

The  three  transformations  described  in  Section  1.1.3  were  applied  to  the  calculated  Dc 
values  for  the  magnesium  chloride  and  sodium  chloride  bridges.  The  same  type  of 
regression  analysis  used  for  the  chloride  data  was  used  for  the  Dc  values.  Residual  plots 
for  the  original  and  transformed  values  were  generated  for  each  bridge  type  and  test  line. 
The  normal-scores  residual  plots  for  the  diffusion  coefficients  are  given  in  Appendix  A- 
15.  The  residuals  for  the  original  calculated  Dc  values  vary  greatly,  while  the  Dc  values 
transformed  by  In  (Dc)  or  Dcl/4  seem  to  be  the  closest  to  0.  When  all  the  residual  plots  in 
Appendix  A- 15  are  compared,  the  transformation  of  In  (Dc)  appears  to  give  the  normal- 
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scores  plot  closest  to  a  straight  line  and  thus  the  best  approximation  of  a  normal 
distribution. 

Appendix  A- 16  gives  the  In-transformed  average  Dc  values  for  each  bridge  type  and  test 
line.  The  descriptive  measures  calculated  for  the  original  Dc  values  were  recalculated  for 
the  In-transformed  Dc  values.  These  measures  are  given  in  Appendix  A-7.  When  the 
descriptive  measures  of  the  In-transformed  values  are  examined,  a  drastic  improvement  in 
the  data  distribution  is  observed.  Coefficients  of  variation  that  ranged  from  0.55  to  1.93 
for  the  original  Dc  data  now  range  from  0.16  to  0.36  for  the  transformed  Dc  values.  The 
transformed  data  is  much  less  scattered  than  the  original  data  and  thus  better 
approximates  a  normal  distribution. 

1.2.4  Hypothesis  Testing 

Chloride  Data 

The  results  of  the  hypothesis  tests  (t-test  and  F-test)  and  the  confidence  interval 
calculation  performed  for  the  chloride  data  are  presented  in  Appendix  A- 17.  A  brief 
discussion  of  the  results  is  provided  below: 

-  t-test  Results 

Of  the  t-tests  performed  for  the  six  groups  (0.5in.  (12.5mm),  1.5in.  (37.5mm)  and  2.25in. 
(56.3mm)  shoulder  and  right  wheel  path)  the  null  hypothesis  was  determined  to  be  true 
for  four  of  the  groups.  That  is,  the  difference  between  the  chloride  levels  in  the 
magnesium  chloride  and  sodium  chloride  bridges  was  not  statistically  significant  in  four 
of  the  six  tests.  The  two  groups  that  did  produce  statistically  different  chloride  levels 
were  the  1.5in.  (37.5mm)  and  2.25in.  (56.3mm)  depths  along  the  right  wheel  line. 

-  F-test  Results 

The  F-tests  conducted  showed  that  in  all  cases,  with  the  exception  of  the  0.5in.  (12.5mm) 
depth  shoulder  line  group,  the  null  hypothesis  was  true  (i.e.  the  variances  of  the  two 
groups  were  the  same).  The  results  from  the  F-test  show  that  for  the  majority  of  the  cases 
the  assumptions  used  in  the  t-test  were  valid.  In  the  case  of  the  0.5in.  (12.5mm)  depth 
along  the  shoulder  line,  the  results  of  the  t-test  must  be  approached  with  some  caution 
because  of  the  negative  result  of  the  F-test. 

-  Confidence  Interval  Calculations 

For  the  two  groups  that  proved  to  have  statistical  differences  according  to  the  t-test, 
confidence  interval  calculations  were  performed  to  give  probability  ranges  for  the 
differences.  At  the  95%  confidence  level,  the  chloride  levels  at  the  1.5in.  (37.5mm) 
wheel  line  depth  were  found  to  be  between  0.56  (0.33)  and  2.28  lb/yd3  (1.35  kg/m3) 
higher  in  the  magnesium  chloride  bridges  than  the  sodium  chloride  bridges.     At  the 
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2.25in.  (56.3mm)  wheel  line  depth,  the  chloride  levels  in  the  magnesium  chloride  bridges 
were  0.16  (0.09)  to  1.06  lb/yd3  (0.63  kg/m3)  higher  than  the  sodium  chloride  bridges. 

Diffusion  Coefficients 

The  same  hypothesis  tests  (t-test  and  F-test)  and  confidence  interval  calculations  given  in 
Section  7.2.3.4  were  applied  to  the  Dc  values  in  order  to  determine  if  there  was  a 
statistical  difference  in  the  diffusion  coefficients  of  magnesium  chloride  and  sodium 
chloride  bridges.  Two  test  groups  now  existed,  one  group  comparing  Dc  values  along  the 
shoulder  line  of  the  two  bridge  types  and  the  second  comparing  Dc  along  the  right  wheel 
path  of  the  two  bridge  types.  The  results  of  the  hypothesis  tests  (t-test  and  F-test)  and  the 
confidence  interval  calculation  performed  for  the  diffusion  coefficients  are  given  in 
Appendix  A- 18.  A  brief  discussion  of  the  results  is  provided  below: 

-  t-test  Results 

The  t-test  showed  that  there  was  not  a  statistical  difference  between  the  average  Dc  for 
magnesium  chloride  bridges  and  sodium  chloride  bridges  along  the  shoulder.  However,  a 
significant  difference  in  average  Dc  did  exist  along  the  wheel  line.  Along  the  wheel  line, 
Dc  was  found  to  be  on  average  0.048  in2/yr  (0.31  cm2/yr)  higher  on  magnesium  chloride 
bridges  than  on  sodium  chloride  bridges. 

This  result  explains  why  there  was  a  statistically  significant  difference  in  the  chloride 
levels  of  the  two  bridge  types  at  deeper  depths,  while  there  was  not  a  significant 
difference  at  the  upper  depths.  If  a  similar  surface  chloride  level  existed  on  both  types  of 
bridges,  but  diffusion  coefficients  were  different,  the  bridge  type  with  the  higher 
diffusion  coefficient  would  have  higher  chloride  levels  at  lower  depths.  This  was  the 
case  with  the  bridges  exposed  to  magnesium  chloride  deicer. 

-  F-test  Results 

The  F-tests  done  for  the  shoulder  and  wheel  path  groups  show  that  the  variances  of  the 
magnesium  chloride  and  sodium  chloride  bridges  are  statistically  equal.  This  means  that 
the  underlying  assumption  of  the  t-test  is  valid  and  therefore  the  t-test  results  are  valid. 

-  Confidence  Interval  Calculations 

The  difference  between  average  Dc  values  for  magnesium  chloride  and  sodium  chloride 
bridges  was  found  to  range  from  0.024  (0.15)  to  0.072  in2/yr  (0.46  cm2/yr)  at  a 
confidence  level  of  95%.  With  an  average  Dc  of  0.040  in2/yr  (0.28  cm2/yr)  for  sodium 
chloride  bridges  along  the  wheel  line,  this  difference  represents  a  60%  to  180%  increase 
in  Dc  in  magnesium  chloride  bridges! 
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Bridge  No. 

Shoulder  Line 

Right  Wheel  Line 

Sample 
Number 

Sample  Depth 
(in) 

Uncorrected  CI" 
(%) 

Sample 
Number 

Sample  Depth 
(in) 

Uncorrected  CI" 
(%) 

58  +  05502 

1 

0.5 

0.044 

2 

0.5 

0.048 

3 

0.5 

0.058 

5 

0.5 

0.110 

4 

0.5 

0.077 

7 

0.5 

0.056 

6 

0.5 

0.038 

8 

0.5 

0.130 

3 

1.5 

0.014 

2 

1.5 

0.009 

4 

1.5 

0.036 

5 

1.5 

0.022 

6 

1.5 

0.010 

7 

1.5 

0.007 

3 

2.3 

0.010 

2 

2.3 

0.008 

6 

2.3 

0.007 

5 

2.3 

0.010 

6 

4.0 

0.007 

7 

2.3 

0.007 

58  +  05501 

1 

0.5 

0.016 

5 

0.5 

0.180 

2 

0.5 

0.057 

6 

0.5 

0.160 

3 

0.5 

0.057 

7 

0.5 

0.220 

4 

0.5 

0.039 

8 

0.5 

0.240 

2 

1.5 

0.021 

5 

1.5 

0.060 

3 

1.5 

0.019 

6 

1.5 

0.035 

4 

1.5 

C.020 

7 

1.5 

0.086 

2 

2.3 

0.009 

5 

2.3 

0.009 

3 

2.3 

0.023 

6 

2.3 

0.013 

7 

2.3 

0.011 

6 

4.0 

0.007 

42  +  09191 

1 

0.5 

0.041 

5 

0.5 

0.150 

2 

0.5 

0.055 

6 

0.5 

0.170 

3 

0.5 

0.096 

7 

0.5 

0.240 

4 

0.5 

0.050 

8 

0.5 

0.200 

2 

1.5 

0.018 

5 

1.5 

0.054 

3 

1.5 

0.007 

6 

1.5 

0.035 

4 

1.5 

0.025 

7 

1.5 

0.098 

2 

2.3 

0.008 

5 

2.3 

0.009 

3 

2.3 

0.006 

6 

2.3 

0.009 

7 

2.3 

0.012 

6 

4.0 

0.011 

39  +  09912 

1 

0.5 

0.078 

5 

0.5 

0.180 

2 

0.5 

0.079 

6 

0.5 

0.150 

3 

0.5 

0.071 

7 

0.5 

0.094 

4 

0.5 

0.042 

8 

0.5 

0.180 

2 

1.5 

0.012 

5 

1.5 

0.020 

3 

1.5 

0.017 

6 

1.5 

0.042 

4 

1.5 

0.009 

7 

1.5 

0.029 

2 

2.3 

0.007 

6 

2.3 

0.007 

3 

2.3 

0.009 

7 

2.3 

0.009 

I 

6 

4.0 

0.007 

NaCI  Data 

CI  Test  Data.xls 
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Bridge  No. 

Sample 
Number 

Shoulder  Line 

Right  Wheel  Line 

Sample  Depth 
(in) 

Uncorrected  CI" 
(%) 

Sample 
Number 

Sample  Depth 
(in) 

Uncorrected  CI" 
(%) 

39  +  09911 

1 

0.5 

0.056 

5 

0.5 

0.200 

2 

0.5 

0.074 

6 

0.5 

0.260 

3 

0.5 

0.055 

7 

0.5 

0.290 

4 

0.5 

0.050 

8 

0.5 

0.190 

2 

1.5 

0.056 

5 

1.5 

0.100 

3 

1.5 

0.040 

6 

1.5 

0087 

4 

1.5 

0.027 

7 

1.5 

0.100 

2 

2.3 

0.052 

5 

2.3 

0  046 

3 

2.3 

0.017 

6 

2.3 

0.056 

7 

2.3 

0.053 

6 

4.0 

0.015 

39  +  08052 

1 

0.5 

0.100 

5 

0.5 

0.190 

2 

0.5 

0.067 

6 

0.5 

0.100 

3 

0.5 

0.093 

7 

0.5 

0  180 

4 

0.5 

0.080 

8 

0.5 

0.120 

2 

1.5 

0.025 

5 

1.5 

0.080 

3 

1.5 

0.024 

6 

1.5 

0.015 

4 

1.5 

0.022 

7 

1.5 

0.100 

2 

2.3 

0.009 

5 

2.3 

0.009 

3 

2.3 

0.007 

6 

2.3 

0.009 

7 

2.3 

0.021 

6 

4.0 

0.008 

34  +  02082 

1 

0.5 

0.021 

5 

0.5 

0.160 

2 

0.5 

0.054 

6 

0.5 

0.240 

3 

0.5 

0.036 

7 

0.5 

0.200 

4 

0.5 

0.036 

8 

0.5 

0.160 

2 

1.5 

0.009 

5 

1.5 

0.048 

3 

1.5 

0.021 

6 

1.5 

0.083 

4 

1.5 

0024 

7 

1.5 

0.059 

2 

2.3 

0.007 

5 

2.3 

0.013 

3 

2.3 

0.008 

6 

2.3 

0.009 

7 

2.3 

0.009 

6 

4.0 

0.007 

34  +  02081 

1 

0.5 

0.051 

5 

0.5 

0.170 

2 

0.5 

0.039 

6 

0.5 

0.180 

3 

0.5 

0.020 

7 

0.5 

0.140 

4 

0.5 

0.043 

8 

0.5 

0.130 

2 

1.5 

0.031 

5 

1.5 

0.062 

3 

1.5 

0.007 

6 

1.5 

0035 

4 

1.5 

0.018 

7 

1.5 

0.031 

2 

2.3 

0.025 

5 

2.3 

0.021 

3 

2.3 

0.007 

6 

2.3 

0.009 

7 

2.3 

0.008 

6 

4.0 

0.009 

NaCI  Data 

CI  Test  Data.xls 
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Bridge  No 

Sample 
Number 

Shoulder  Line 

Sample 
Number 

3ight  Wheel  Lin 
Sample  Depth 

(in) 

e 

Uncorrected  CI" 
(%) 

Sample  Depth 

(in) 

Uncorrected  CI' 

(%) 

01+09821 

1 

0.5 

0  029 

5 

0.5 

0230 

2 

05 

0.130 

6 

05 

0.220 

3 

05 

0.140 

7 

0.5 

0270 

4 

05 

0.039 

8 

0.5 

0.210 

2 

1.5 

0046 

5 

1.5 

0.120 

3 

1  5 

0.044 

6 

1  5 

0  140 

4 

15 

0.010 

7 

1.5 

0  130 

2 

2.3 

0015 

5 

2.3 

0052 

3 

2.3 

0.010 

6 

2.3 

0  048 

7 

2.3 

0029 

6 

40 

0015 

05  +  01481 

1 

0.5 

0.170 

5 

05 

0.220 

2 

0.5 

0.150 

6 

0.5 

0230 

3 

05 

0.130 

7 

0.5 

0.180 

4 

0.5 

0.120 

8 

0.5 

0  310 

2 

1.5 

0.027 

5 

1.5 

0061 

3 

1.5 

0033 

6 

1.5 

0  100 

4 

1.5 

0.049 

7 

1.5 

0  110 

2 

2.3 

0012 

5 

2.3 

0008 

3 

2.3 

0.011 

6 

2.3 

0010 

7 

2.3 

0  020 

6 

4.0 

0011 

06  +  05481 

1 

0.5 

0.065 

5 

0.5 

0  130 

2 

0.5 

0.047 

6 

0.5 

0  100 

3 

0.5 

0.027 

7 

0.5 

0  099 

4 

0.5 

0.075 

8 

0.5 

0  090 

2 

1.5 

0012 

5 

1  5 

0  060 

3 

1.5 

0008 

6 

1.5 

0  033 

4 

1.5 

0.028 

7 

1.5 

0  041 

2 

2.3 

0.016 

5 

2.3 

0034 

3 

2.3 

0.008 

6 

2.3 

0013 

7 

2.3 

0  009 

6 

4.0 

0009 

10  +  01221 

1 

0.5 

0014 

5 

0.5 

0  150 

2 

0.5 

0.016 

6 

0.5 

0  150 

3 

0.5 

0.022 

7 

0.5 

0  130 

4 

0.5 

0035 

8 

0.5 

0.059 

2 

1.5 

0.009 

5 

1.5 

0.061 

3 

1.5 

0010 

6 

1.5 

0.055 

4 

1.5 

0.017 

7 

1.5 

0  044 

2 

2.3 

0.006 

5 

2.3 

0.009 

3 

2.3 

0.007 

6 

2.3 

0.008 

7 

2.3 

0.009 

6 

4.0 

0.009 

10  +  07441 

1 

0.5 

0  059 

5 

0.5 

0  120 

2 

0.5 

0.070 

6 

0.5 

0.230 

3 

0.5 

0076 

7 

0.5 

0095 

4 

0.5 

0  062 

8 

0.5 

0.170 

2 

1.5 

0027 

5 

1.5 

0.027 

3 

1.5 

0.031 

6 

1.5 

0.028 

4 

1.5 

0  011 

7 

1.5 

0013 

2 

2.3 

0.009 

5 

2.3 

0.008 

3 

2.3 

0011 

6 

2.3 

0.012 

7 

2.3 

0014 

6 

4.0 

0008 

MgCI2  Data 
CI  Test  Data.xls 
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Chloride  Test  Data  for  MqCI,  Treated  Bridges  (cont'd) 


£rc>/vther 

PRO  IFCT  N1IMRFR'    77nS*J)0.1 


Bridge  No. 

Shoulder  Line 

Right  Wheel  Line 

Sample 
Number 

Sample  Depth 
(in) 

Uncorrected  CI' 
(%) 

Sample 
Number 

Sample  Depth 
(in) 

Uncorrected  CI' 
(%) 

23  +  00631 

1 

0.5 

0  052 

5 

0.5 

0.250 

2 

0.5 

0.026 

6 

0.5 

0  190 

3 

0.5 

0028 

7 

0.5 

0270 

4 

0.5 

0033 

8 

0.5 

0230 

2 

1.5 

0.008 

5 

1.5 

0.100 

3 

1.5 

0.007 

6 

1.5 

0078 

4 

1.5 

0.008 

7 

1.5 

0078 

2 

2.3 

0007 

5 

2.3 

0035 

3 

2.3 

0  006 

6 

2.3 

0.010 

7 

2.3 

0.020 

6 

4.0 

0015 

29  +  02051 

1 

05 

0076 

5 

0.5 

0.230 

2 

0.5 

0.074 

6 

0.5 

0280 

3 

0.5 

0073 

7 

0.5 

0300 

4 

0.5 

0059 

8 

0.5 

0270 

2 

1.5 

0.034 

5 

1.5 

0  120 

3 

1.5 

0.049 

6 

1.5 

0  190 

4 

15 

0049 

7 

1.5 

0  180 

2 

2.3 

0015 

5 

2.3 

0060 

3 

2.3 

0  048 

6 

2.3 

0.100 

7 

2.3 

0.080 

6 

4.0 

0018 

29  +  02052 

1 

0.5 

0.035 

5 

0.5 

0.170 

2 

0.5 

0033 

6 

0.5 

0.190 

3 

0.5 

0034 

7 

0.5 

0  170 

4 

0.5 

0.044 

8 

0.5 

0.200 

2 

1.5 

0023 

5 

1.5 

0.130 

3 

1.5 

0.021 

6 

1.5 

0078 

4 

1.5 

0.031 

7 

1.5 

0.096 

2 

2.3 

0.014 

5 

2.3 

0.063 

3 

2.3 

0015 

6 

2.3 

0.023 

7 

2.3 

0.025 

6 

40 

0014 

29  +  03682 

1 

05 

0083 

5 

0.5 

0.240 

2 

0.5 

0.074 

6 

0.5 

0.220 

3 

0.5 

0056 

7 

0.5 

0250 

4 

05 

0.067 

8 

0.5 

0.230 

2 

1.5 

0012 

5 

1.5 

0120 

3 

1.5 

0017 

6 

1.5 

0.110 

4 

1.5 

0013 

7 

1.5 

0  160 

2 

2.3 

0.011 

5 

2.3 

0039 

3 

2.3 

0  010 

6 

2.3 

0035 

7 

2.3 

0075 

6 

4.0 

0  009 

MgCI2  Data 
CI  Test  Data  xls 
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Chloride  Test  Data  for  Rehabilitated  Bridges 


£i5/vther 

ppnitrTNiiMBfp-   77nti.nn.i 


Bridge  No. 

Shoulder  Line 

Right  Wheel  Line 

Sample 
Number 

Sample  Depth 
(m) 

Uncorrected  CI" 
(%) 

Sample 
Number 

Sample  Depth 
(in) 

Uncorrected  CI" 
(%) 

57  +  04722 

1 

0.5 

0.100 

5 

0.5 

0  180 

(epoxy) 

2 

0.5 

0.032 

6 

0.5 

0.058 

3 

0.5 

0.080 

7 

0.5 

0.170 

4 

0.5 

0.093 

8 

0.5 

0.110 

2 

1.5 

0.014 

5 

1.5 

0.110 

3 

1.5 

0.027 

6 

1.5 

0  042 

4 

1.5 

0.059 

7 

1.5 

0.150 

2 

2.3 

0.007 

5 

2.3 

0037 

3 

2.3 

0.018 

6 

2.3 

0.024 

7 

2.3 

0.086 

6 

4.0 

0.011 

53  +  07232 

1 

0.5 

0.052 

5 

0.5 

0.140 

(latex) 

2 

0.5 

0.044 

6 

0.5 

0.098 

3 

0.5 

0.095 

7 

0.5 

0.077 

4 

0.5 

0.050 

8 

0.5 

0.110 

2 

1.5 

0.008 

5 

1.5 

0.042 

3 

1.5 

0.011 

6 

1.5 

0.023 

4 

1.5 

0.006 

7 

1.5 

0.010 

2 

2.3 

0.033 

5 

2.3 

0.077 

3 

2.3 

0.022 

6 

2.3 

0.057 

7 

2.3 

0.037 

6 

4.0 

0.010 

45  +  01802 

1 

0.5 

0.024 

5 

0.5 

0.038 

(epoxy) 

2 

0.5 

0.019 

6 

0.5 

0.083 

3 

0.5 

0.033 

7 

0.5 

0.032 

4 

0.5 

0.043 

8 

0.5 

0.130 

2 

1.5 

0007 

5 

1.5 

0.007 

3 

1.5 

0.013 

6 

1.5 

0.025 

4 

1.5 

0.029 

7 

1.5 

0.006 

2 

2.3 

0.007 

5 

2.3 

0.006 

3 

2.3 

0.005 

6 

2.3 

0.007 

7 

2.3 

0.007 

6 

4.0 

0.005 

NaCI  Rehab  Data 
CI  Test  Data.xls 
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Background  CI"  Calculation  for  MqCI?  Treated  Bridges 


Scwther 

PROJECT  NUMBER:   77054-00-3 


Bridge  No. 

Sample 
Depth  (in) 

Avg.  CI" 

(lb/yd3)  at 

Each  Depth 

Dc  (in2/yr) 

Diffused  CI"  @ 
4.0"  (lb/yd3) 

Background  CI" 
(lb/yd3) 

01+09821 

0.5 

6.15 

0"-1  5"    :              0  7294 

1.5 

3.17 

0"-2.25":              0.0728 

2.3 

1.20 

4.0 

0.58 

Average:      0.1011 

0.31 

0.27 

05  +  01481 

0.5 

7.31 

0"-1  5"    .              0  0582 

1.5 

2.44 

0"-2.25";              0.0359 

2.3 

0.46 

4.0 

0.43 

Average:      0.0471 

0.03 

0.40 

06  +  05481 

0.5 

3.06 

0"-1.5"    :             0.0704 

1.5 

1.16 

0"-2.25".              0  0759 

2.3 

0.62 

4.0 

0.35 

Average:      0.0732 

0.06 

0.28 

10  +  01221 

0.5 

2.79 

0"-7.5"    :             0.0988 

1.5 

1.28 

0"-2.25" :              0  0477 

2.3 

0.31 

4.0 

0.35 

Average:      0.0733 

0.06 

0.29 

10  +  07441 

0.5 

4.26 

0"-1.5"                 0  0346 

1.5 

0.89 

0"-2.25":              0.0451 

2.3 

0.43 

4.0 

0.31 

Average:      0.0398 

0.01 

0.30 

23  +  00631 

0.5 

5.22 

0"-1.5"    :             0.0617 

1.5 

1.82 

0"-2.25".              0.0505 

2.3 

0.62 

4.0 

0.58 

Average:      0.0561 

0.05 

0.54 

29  +  02051 

0.5 
1.5 
2.3 

6.62 
4.02 
2.36 

Corrected  Dc 

4.0 

0.70 

Average:    0.1124 

0.42 

0.28 

29  +  02052 

0.5 

4.26 

0"-1.5"    :              0.1647 

1.5 

2.40 

0"-2.25":              0.0940 

2.3 

1.08 

4.0 

0.54 

Average:      0.1293 

0.35 

0.19 

29  +  03682 

0.5 

5.88 

0"-7\5"    .               0.1024 

1.5 

2.75 

0"-2.25".              0  0827 

2.3 

1.32 

4.0 

0.35 

Average:      0.0925 

0.11 

0.24 

Average  Bac 

kground  CI"  fc 

>r  MgCI,  Bridges 

0.31 

Bkgnd.  CI 

Background  Chlorides.xls 
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Background  CI"  Calculation  for  NaCI  Treated  Bridges 


"&*r 

PROJECT  NUMBER:   77054-00-3 


Bridge  No. 

Sample 
Depth  (in) 

Avg.  CI" 

(lb/yd3)  at 

Each  Depth 

Dc(in 

2/yr) 

Diffused  CI"  @ 
4.0"  (lb/yd3) 

Background  CI" 
(lb/yd3) 

34  +  02081 

0.5 

3.75 

0"-7.5"    . 

0  0547 

1.5 

1.20 

0"-2.25" 

0  0574 

2.3 

0.54 

4.0 

0.27 

Average: 

0.0561 

0.03 

0.24 

34  +  02082 

0.5 

4.37 

0"-7.5"  : 

0.0654 

1.5 

1.59 

0"-2.25": 

0.0403 

2.3 

0.35 

4.0 

0.35 

Average: 

0.0529 

0.03 

0.32 

39  +  08052 

0.5 

4.53 

0"-1  5"   : 

0.0727 

1.5 

1.74 

0"-2.25": 

0.0435 

2.3 

0.43 

4.0 

0.27 

Average: 

0.0581 

0.04 

0.23 

39  +  09911 

0.5 

5.69 

0"-7.5"    ■ 

0. 1005 

1.5 

2.63 

0"-2.25": 

0. 1180 

2.3 

1.74 

4.0 

0.31 

Average: 

0.1093 

0.33 

-0.02 

39  +  09912 

0.5 

4.22 

0"-1.5"   : 

0.0319 

1.5 

0.81 

0"-2.25": 

0  0379 

2.3 

0.31 

4.0 

0.58 

Average: 

0.0349 

0.01 

0.58 

42  +  09191 

0.5 

4.84 

CT-1.5"   : 

0.0550 

1.5 

1.55 

0"-2.25": 

0.0382 

2.3 

0.35 

4.0 

0.27 

Average: 

0.0466 

0.02 

0.25 

58  +  05501 

0.5 

4.68 

0"-7.5"    . 

0.0576 

1.5 

1.55 

0"-2.25". 

0.0475 

2.3 

0.50 

4.0 

0.43 

Average: 

0.0526 

0.03 

0.40 

58  +  05502 

0.5 

2.71 

0"-1.5"   : 

0.0378 

1.5 

0.62 

0"-2.25": 

0.0486 

2.3 

0.31 

4.0 

0.27 

Average: 

0.0432 

0.01 

0.26 

Average  Ba 

ckground  CI  f 

or  NaCI  Bridges 

0.28 

Bkgnd.  CI 

Background  Chlorides.xls 
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Background  CI"  Calculation  for  Rehabilitated  Bridges 


Crcwther 

PROJECT  NUMBER:   77054-00-3 


Bridge  No. 

Sample 
Depth  (in) 

Avg.  CI" 

(lb/yd3)  at 

Each  Depth 

Dc  (in2/yr) 

Diffused  CI"  @ 
4.0"  (lb/yd3) 

Background  CI" 
(lb/yd3) 

45  +  01802 

0.5 
1.5 

2.3 
4.0 

1.94 
0.58 
0.23 
0.19 

0"-7  5"    .              00576 
0"-2.25".              0.0573 

Average:      0  0515 

0.01 

0.18 

53  + 07232 

0.5 
1.5 

2.3 
4.0 

3.21 
0.66 
1.74 
0.39 

Corrected  Dc 
Average:    0.0882 

0.12 

0.27 

57 + 04722 

0.5 
1.5 
2.3 
4.0 

3.99 
2.59 
1.32 

0.43 

Corrected  Dc 
Average:    0.0896 

0.15 

0.28 

Average  Background  CI'  for  Rehabilitated  Bridges                                  0.24 

Overall  Average  Background  CI"  Level  (lb/yd3) 


0.27 


Bkgnd.  CI 

Background  Chlorides.xls 
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Chloride  Data  (corrected)  for  MqCI,  Treated  Bridges 


CrSMher 

PROJECT  NUMBER-    77054-00-3 


Bridge  No. 

CI'  Readings  Along  Shoulder  (lb/yd3) 

CI"  Reading 

0.5"  Test 
Depth 

3  Along  Right  Wheel  (lb/yd3) 

0.5"  Test 
Depth 

1.5"  Test 
Depth 

2.25"  Test 
Depth 

1.5"  Test 
Depth 

2.25"  Test 
Depth 

01+  09821 

4.76 

1.51 

0.35 

8.63 

4.37 

1.74 

0.85 

1.43 

0.12 

10.37 

4.76 

0.85 

5.15 

0.12 

7.86 

5.15 

1.59 

1.24 

8.24 

05  +  01481 

5.53 

0.77 

0.19 

8.24 

1.99 

0.04 

6.31 

1.01 

0.15 

6.70 

3.99 

0.50 

4.76 

1.63 

11.73 

3.60 

0.12 

4.37 

8.63 

06  +  05481 

1.55 

0.19 

0.35 

4.76 

2.03 

1.04 

2.28 

0.04 

0.04 

3.56 

1.32 

0.08 

0.77 

0.81 

3.21 

1.01 

0.23 

2.63 

3.60 

10  +  01221 

0.35 

0.08 

0.00 

5.53 

2.11 

0.08 

0.29 

0.12 

0.00 

4.76 

1.43 

0.08 

0.58 

0.39 

2.01 

1.86 

0.04 

1.08 

5.53 

10  +  07441 

2.44 

0.77 

0.08 

4.37 

0.81 

0.04 

1.97 

0.93 

0.15 

3.41 

0.23 

0.27 

2.67 

0.15 

6.31 

0.81 

0.19 

2.13 

8.63 

23  +  00631 

0.74 

0.04 

0.00 

9.40 

3.60 

1.08 

1.74 

0.00 

0.00 

10.18 

2.75 

0.50 

0.81 

0.04 

8.63 

2.75 

0.12 

1.01 

7.08 

29  +  02051 

2.59 

1.04 

0.31 

8.63 

4.37 

2.05 

2.81 

1.63 

1.59 

11.34 

6.70 

2.83 

2.55 

1.63 

10.18 

7.08 

3.60 

2.01 

10.57 

29  +  02052 

1.01 

0.62 

0.27 

6.31 

4.57 

2.17 

1.08 

0.54 

0.31 

6.31 

3.44 

0.70 

1.04 

0.93 

7.47 

2.75 

0.62 

1.43 

7.08 

29  +  03682 

2.59 

0.19 

0.15 

9.02 

4.18 

1.24 

2.88 

0.39 

0.12 

9.40 

5.92 

2.63 

1  90 

0.23 

8.63 

3.99 

1.08 

2.32 

8.24 

MgCI2  Data 

CI  Data  Statistical  Analysis.xls 
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Diffusion  Coefficient  Summary  for  MqCU  Treated  Bridges 


UDrvther 


PROJECT  NUMBER-    77054-00- 


Bridge  No. 

Dc0.5"-1.5" 
(in2/yr) 

Shoulder 

Right  Wheel 

Average  Dc 
(in2/yr) 

Dc  0.5"-2.25M 
(in2/yr) 

Average  Dc 
(in2/yr) 

Dc0.5"-1.5" 
(in2/yr) 

Dc  0.5"-2.25" 
(in2/yr) 

01+09821 

0.056 

0.040 

0.048 

0.127 

0.078 

0.103 

0.048 

0.025 

0.036 

0.235 

0.075 

0.155 

0.020 

0.020 

0.103 

0.042 

0.072 

05  +  01481 

0.026 

0.028 

0.027 

0.041 

0.016 

0.028 

0.036 

0.027 

0.032 

0.085 

0.021 

0.053 

0.071 

0.071 

0.200 

0040 

0.120 

06  +  05481 

0.024 

0.086 

0.055 

0.089 

0084 

0.086 

0.015 

0.034 

0.024 

0.048 

0037 

0.043 

0.054 

0.054 

0.070 

0.024 

0.047 

10  +  01221 

0.039 

0.026 

0.033 

0.074 

0.021 

0.047 

0.035 

0.023 

0.029 

0.137 

0.018 

0.077 

0.067 

0.067 

0.052 

0.022 

0.037 

10  +  07441 

0.056 

0.028 

0.042 

0.032 

0.019 

0.025 

0.064 

0.035 

0.049 

0.020 

0.024 

0.022 

0.017 

0.017 

0.017 

0.041 

0.029 

23  +  00631 

0.015 

0.021 

0.018 

0.074 

0.051 

0.062 

0.009 

0.020 

0.015 

0.076 

0.022 

0.049 

0.013 

0.013 

0.046 

0.033 

0.040 

29  +  02051 

0.080 

0.052 

0.066 

0.127 

0.091 

0.109 

0.260 

0.525 

0.393 

0.309 

0.139 

0.224 

0.983 

0.983 

0.195 

0.095 

0.145 

29  +  02052 

0.221 

0.103 

0.162 

0.452 

0.141 

0.297 

0.135 

0.117 

0.126 

0.076 

0.043 

0.060 

0.274 

0.274 

0.154 

0.050 

0.102 

29  +  03682 

0.018 

0035 

0.026 

0.105 

0.057 

0.081 

0.035 

0.037 

0.036 

0.115 

0.056 

0.085 

0021 

0.021 

0.242 

0.108 

0.175 

Dc  Data 
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Diffusion  Coefficient  Summary  for  NaCI  Treated  Bridges 


boritoz 


PROJECT  NUMBER     77054-00- 


Bridge  No. 

Shoulder 

Right  Wheel 

Dc0.5"-1.5" 

(in2/yr) 

Dc  0.5,,-2.25*' 
(in2/yr) 

Average  Dc 
(in2/yr) 

Dc0.5"-1.5" 
(in2/yr) 

Dc  0.5"-2.25" 
(in2/yr) 

Average  Dc 
(in2/yr) 

34  +  02081 

0.550 

0.381 

0.466 

0.060 

0.043 

0.052 

0.010 

0.023 

0.017 

0.029 

0.020 

0.024 

0.054 

0.054 

0.031 

0.018 

0.025 

34  +  02082 

0.014 

0.016 

0.015 

0.045 

0.030 

0.038 

0.114 

0.029 

0.071 

0.058 

0.019 

0.038 

0.193 

0.193 

0.046 

0.019 

0.033 

39  +  08052 

0.053 

0.028 

0.041 

0.082 

0.020 

0.051 

0.034 

0.014 

0.024 

0.019 

0.024 

0.022 

0.035 

0.035 

0.148 

0.042 

0.095 

39  +  09911 

0.486 

0.705 

0.595 

0.110 

0.078 

0.094 

0.349 

0.080 

0.215 

0.056 

0.075 

0.066 

0.105 

0.105 

0.059 

0.065 

0.062 

39  +  09912 

0.017 

0.015 

0.016 

0.017 

0013 

0.017 

0.028 

0.028 

0.028 

0.042 

0.025 

0.027 

0.016 

0.016 

0.043 

0.034 

42  +  09191 

0.039 

0.024 

0.032 

0.059 

0.021 

0.040 

0.006 

0.014 

0.010 

0.030 

0020 

0.025 

0.087 

0.087 

0.076 

0.024 

0.050 

58  +  05501 

0.048 

0.030 

0.039 

0.054 

0020 

0.037 

0.040 

0.128 

0.084 

0.032 

0030 

0.031 

0081 

0.081 

0.070 

0023 

0.047 

58  +  05502 

0.021 

0.018 

0.020 

0.026 

0.012 

0.019 

0.025 

0.036 

0.031 

0.015 

0.025 

0.020 

0.084 

0.084 

0.007 

0016 

0.012 

Dc  Data 
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Descriptive  Measures  for  Calculated  Diffusion  Coefficients 


Cfbwther 

PROJECT  NUMBER:    77054-00-3 


Dc  Along  Shoulder  (in2/yr) 

Dc  Along  Right  Wheel  (in2/yr) 

0"- 1.5"  Depth 
Interval 

0"-2.25"  Depth 
Interval 

Average 

0"-1.5"  Depth 

Interval 

0"-2.25"  Depth 
Interval 

Average 

MgCI2 
Bridges 

No.  of  data 
points  (n) 

27 

18 

27 

27 

27 

27 

Mean  (p.) 

0.100 

0.070 

0.101 

0.122 

0.054 

0.088 

Standard 
Deviation  (a) 

0.191 

0.117 

0.196 

0.098 

0.036 

0.065 

Coeff.  Of 
Variation  (V) 

1.91 

1.67 

1.93 

0.80 

0.68 

0.74 

NaCI 
Bridges 

No.  of  data 
points  (n) 

24 

16 

24 

24 

23 

24 

Mean  (p.) 

0.104 

0.098 

0.098 

0.051 

0.030 

0.040 

Standard 
Deviation  (a) 

0.148 

0.186 

0.144 

0.032 

0.019 

0.022 

Coeff.  Of 
Variation  (V) 

1.42 

1.89 

1.47 

0.63 

0.63 

0.55 

Descriptive  Measures  for  Ln-Transformed  Diffusion  Coefficients 


Ln  (Dc)  Along  Shoulder 

Ln(Dc)  Along  Right  Wheel 

0"-1.5"Depth 

Interval 

0"-2.25"  Depth 
Interval 

Average 

0"-1.5"Depth 
Interval 

0"-2.25"  Depth 
Interval 

Average 

MgCI2 
Bridges 

No.  of  data 
points  (n) 

- 

- 

27 

- 

- 

27 

Mean  (u) 

- 

- 

-3.025 

- 

- 

-2.655 

Standard 
Deviation  (a) 

- 

- 

1.034 

- 

- 

0.674 

Coeff.  Of 
Variation  (V) 

- 

- 

0.34 

- 

- 

0.25 

NaCI 
Bridges 

No.  of  data 
points  (n) 

- 

- 

24 

- 

- 

24 

Mean  (\i) 

- 

- 

-2.971 

- 

- 

-3.354 

Standard 
Deviation  (a) 

- 

- 

1.083 

- 

- 

0.522 

Coeff.  Of 
Variation  (V) 

- 

- 

0.36 

- 

- 

0.16 

Summary  Statistics 

Dc  Statistical  Analysis.xls 
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X    -Transformed  Chloride  Data  for  MqCh  Treated  Bridges 


ucwther 


PROJECT  NUMBER-    77054-00-3 


Bridge  No. 

CI"  Readin 

gs  Along  Shoulder  (lb/yd3) 

CI"  Readings  Along  Right  Wheel  (lb/yd3) 

0.5"  Test 
Depth 

1.5"  Test 
Depth 

2.25"  Test 
Depth 

0.5"  Test 
Depth 

1.5"  Test 
Depth 

2.25"  Test 

Depth 

01+09821 

1.48 

1.11 

0.77 

1.71 

1.45 

1.15 

0.96 

1.09 

0.58 

1.79 

1.48 

0.96 

1.51 

0.58 

1.67 

1.51 

1.12 

1.05 

1.69 

05  +  01481 

1.53 

0.94 

0.66 

1.69 

1.19 

0.44 

1.58 

1.00 

0.63 

1.61 

1.41 

0.84 

1.48 

1.13 

1.85 

1.38 

0.58 

1.45 

1.71 

06  +  05481 

1.12 

0.66 

0.77 

1.48 

1.19 

1.01 

1.23 

0.44 

0.44 

1.37 

1.07 

053 

0.94 

0.95 

1.34 

1.00 

0.69 

1.27 

1.38 

10  +  01221 

0.77 

0.53 

0.00 

1.53 

1.21 

0.53 

0.73 

0.58 

0.00 

1.48 

1.09 

0.53 

0.87 

0.79 

1.19 

1.17 

0.44 

1.02 

1.53 

10  +  07441 

1.25 

0.94 

0.53 

1.45 

0.95 

044 

1.19 
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1.36 

0.69 

0.72 

1.28 

0.63 

1.58 
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0.66 

1.21 

1.71 

23  +  00631 

0.93 

0.44 

0.00 

1.75 

1.38 

1.02 

1.15 

0.00 

0.00 

1.79 

1.29 

0.84 

0.95 

0.44 

1.71 

1.29 

0.58 

1.00 

1.63 

29  +  02051 

1.27 

1.01 

0.75 

1.71 

1.45 

1.20 

1.29 

1.13 

1.12 

1.84 

1.61 

1.30 

1.26 

1.13 

1.79 

1.63 

1.38 

1.19 

1.80 

29  +  02052 

1.00 

0.89 

0.72 

1.58 

1.46 

1.21 

1.02 

0.86 

0.75 

1.58 

1.36 

0.91 

1.01 

0.98 

1.65 

1.29 

0.89 

1.09 

1.63 

29  +  03682 

1.27 

0.66 

0.63 

1.73 

1.43 

1.05 

1.30 

0.79 

058 

1.75 

1.56 

1.27 

1.17 

0.69 

1.71 

1.41 

1.02 

1.23 

1.69 

XA(0.25)  Transform 

CI  Data  Statistical  Analysis.xls 
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X    -Transformed  Chloride  Data  for  NaCI  Treated  Bridges 


ucwther 


PROJFCT  NUMBER     770S4-00-3 


Bridge  No. 

CI"  Readings  Along  Shoulder  (lb/yd3) 

CI'  Reading 

3  Along  Right  Wheel  (lb/yd3) 

0.5"  Test 
Depth 

1.5"  Test 
Depth 

2.25"  Test 
Depth 

0.5"  Test 
Depth 

1.5"  Test 
Depth 

2.25"  Test 
Depth 

34  +  02081 

1.05 

0.98 

0.91 

1.58 

1.21 

0.86 

1.14 

0.00 

0.00 

1.51 

0.98 

0.44 

0.84 

0.81 

1.48 

1.02 

053 

1.09 

1.61 

34  +  02082 

1.16 

0.53 

0.00 

1.56 

1.12 

069 

0.87 

0.86 

0.44 

1.65 

1.19 

053 

1.03 

0.90 

1.56 

1.31 

053 

1.03 

1.73 

39  +  08052 

1.23 

0.91 

0.53 

1.63 

1.30 

0.53 

1.40 

0.90 

0.00 

1.61 

1.38 

0.86 

1.35 

0.87 

1.45 

0.75 

0.53 

1.30 

1.38 

39  +  09911 

1.27 

1.17 

1.15 

1.65 

1.37 

1.11 

1.17 

1.06 

0.79 

1.82 

1.38 

1.16 

1.17 

0.94 

1.63 

1.33 

1.17 

1.14 

1.77 

39  +  09912 

1.29 

0.66 

0.00 

1.61 

083 

0.53 

1.29 

0.79 

053 

1.35 

096 

0.00 

1.25 

0.53 

1.61 

1  08 

000 

1.08 

1.53 

42  +  09191 

1.17 

0.81 

044 

1.53 

1.16 

0.53 

1.07 

0.00 

0.00 

1.73 

1.37 

0.66 

1.36 

0.91 

1.65 

1  02 

0.53 

1.14 

1.58 

58  +  05501 

1.18 

0.86 

0.53 

1.61 

1.20 

0.53 

0.78 

0.83 

0.89 

1.69 

1.32 

0.63 

1.18 

0.84 

1.73 

1.02 

0.69 

1.05 

1.56 

58  +  05502 

1.09 

0.72 

058 

1.12 

0.53 

0.44 

1.19 

1.03 

0.00 

1.41 

087 

0.58 

1.28 

0.58 

1.17 

0.00 

0.00 

1.05 

1.48 

XA(0.25)  Transform 

CI  Data  Statistical  Analysis.xls 
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X    -Transformed  Chloride  Data  for  Rehabilitated  Bridges 


CroMher 


PROJECT  NUMBER:    77054-00-3 


Bridge  No. 

CI'  Readin 
0.5"  Test 

Depth 

gs  Along  Shoult 

1.5"  Test 

Depth 

jer  (lb/yd3) 
2~25"  Test 
Depth 

CI"  Reading 
0.5"  Test 
Depth 

s  Along  Right  \N 
1.5"  Test  " 

Depth 

heel  (lb/yd3) 
2.25"  Test 
Depth 

45  +  01802 

0.83 

0.00 

0.00 

1.05 

0.00 

0.00 

(epoxy  site) 

0.89 

0.69 

0.00 

0.99 

0.00 

0.00 

1.00 

0.96 

1.48 

0.91 

0.00 

1.09 

1.31 

53  +  07232 

1.09 

0.44 

1.00 

1.51 

1.07 

1.28 

(latex  site) 

1.15 

0.63 

0.87 

1.28 

0.58 

1.04 

1.36 

0.00 

1.41 

0.89 

1.18 

1.14 

1.37 

57  +  04722 

0.99 

0.72 

0.00 

1.61 

1.41 

1.04 

(epoxy  site) 

1.38 

0.94 

0.81 

1.58 

1.53 

1.32 

1.30 

1.19 

1.41 

1.08 

0.90 

1.35 

1.19 

XA(0.25)  Transform 

CI  Data  Statistical  Analysis.xls 
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Descriptive  Measures  for  X     Transformed  Chloride  Data 

(by  bridge  type) 


as 


PROJECT  NUMBER     77054-00-3 


CI"  Readings  Along  Shoulder 

CI"  Readings  Along  Right  Wheel 

0.5"  Test 
Depth 

1.5"  Test 
Depth 

2.25"  Test 
Depth 

0.5"  Test 
Depth 

1.5"  Test 
Depth 

2.25"  Test 
Depth 

MgCI2 
Bridges 

No.  of  data 
points  (n) 

36 

27 

18 

36 

27 

27 

Mean  (u) 

1.17 

0.79 

0.53 

1.63 

1.29 

0.86 

Standard 
Deviation  (a) 

0.21 

0.28 

0.32 

0.16 

0.23 

0.29 

Coeff.  Of 
Variation  (V) 

0.18 

0.35 

0.61 

0.10 

0.17 

0.34 

NaCI 
Bridges 

No.  of  data 
points  (n) 

32 

24 

16 

32 

24 

24 

Mean  (iu) 

1.15 

0.77 

0.42 

1.56 

1.07 

0.59 

Standard 
Deviation  (a) 

0.14 

0.28 

0.39 

0.15 

0.32 

0.31 

Coeff.  Of 
Variation  (V) 

0.13 

0.37 

0.91 

0.10 

0.30 

0.53 

Rehab'd 
Bridges 

No.  of  data 
points  (n) 

12 

9 

6 

12 

9 

9 

Mean  (n) 

0.45 

0.25 

0.18 

0.54 

0.33 

0.30 

Standard 
Deviation  (a) 

0.07 

0.17 

0.20 

0.08 

0.22 

0.23 

Coeff.  Of 
Variation  (V) 

0.16 

0.67 

1.10 

0.15 

0.66 

0.77 

Summary  Statistics  (xA0.25) 
CI  Data  Statistical  Analysis.xls 
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Ln-Transformed  Diffusion  Coefficient  Summary  for  MaCU 
and  NaCI  Treated  Bridges 


[£35 


PRO.IFCT  NUMBER-    77054-00-3 


IWgCH2  Bridges 

NaCI  Bridges 

Bridge  No. 

Avg.  Dc  (In-transformed) 

Bridge  No. 

Avg.  Dc  (In-transformed) 

Shoulder 

Right  Wheel 

Shoulder 

Right  Wheel 

01+09821 

-3.040 

-2.278 

34  +  02081 

-0.765 

-2.964 

-3.320 

-1.864 

-4.080 

-3.717 

-3.892 

-2628 

-2  911 

-3.703 

05  +  01481 

-3.612 

-3.560 

34  +  02082 

-4.190 

-3.283 

-3.450 

-2.935 

-2.641 

-3.260 

-2.646 

-2.123 

-1.645 

-3.420 

06  +  05481 

-2.901 

-2.451 

39  +  08052 

-3.206 

-2.982 

-3.721 

-3.156 

-3.721 

-3833 

-2.917 

-3.052 

-3.352 

-2.358 

10  +  01221 

-3.423 

-3.050 

39  +  09911 

-0.519 

-2.367 

-3.530 

-2.561 

-1.538 

-2.725 

-2.697 

-3.290 

-2.256 

-2.781 

10  +  07441 

-3.175 

-3.675 

39  +  09912 

-4.141 

-4  057 

-3.010 

-3.814 

-3.581 

-3603 

-4.063 

-3.542 

-4.148 

-3387 

23  +  00631 

-4.020 

-2.774 

42  +  09191 

-3.456 

-3.215 

-4.227 

-3.018 

-4.576 

-3681 

-4.320 

-3.231 

-2.441 

-2  996 

29  +  02051 

-2.717 

-2.216 

58  +  05501 

-3.240 

-3.293 

-0.935 

-1.495 

-2.478 

-3485 

-0.017 

-1.931 

-2.519 

-3  067 

29  +  02052 

-1.821 

-1.216 

58  +  05502 

-3.937 

-3.966 

-2.070 

-2.822 

-3.483 

-3915 

-1.295 

-2.286 

-2.477 

-4.444 

29  +  03682 

-3.636 

-2.513 

-3.327 

-2.463 

-3.878 

-1.742 

Dc  Data  (In) 

Dc  Statistical  Analysis.xls 
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Hypothesis  Testing  of  CI  Levels  for  MgCI?  and  NaCI  Treated  Bridges 

T-TEST  -  Comparison  of  the  Data  Mean 

Null  Hypothesis:  nMg  -  uNa  =  0 
Alternate  Hypothesis:  hm9  -  uNa  >  0 
Significance  Level:  a  =  0.05 


'Scwlfier 


PDO  If-TT  MIIMRPO       TrCIKAJW- 


I 

x'"  Transformed 

x"4  Transformed 

Data  Group 

n  MgCI2 

M  MgCK 

O  MgCI2 

f  NaCI 

H  NaCI 

°  NaCI 

to/2 

t 

Hypothesis  Test  Result 

0  5"  Shoulder 

36 

1  17 

021 

32 

1.15 

0.14 

1  997 

0456 

accept  null  hypothesis 

1.5"  Shoulder 

27 

0.79 

0.28 

24 

0.77 

0.28 

2.010 

0255 

accept  null  hypothesis 

2.25"  Shoulder 

18 

0.53 

0.32 

16 

0.42 

0.39 

2.037 

0.903 

accept  null  hypothesis 

0.5"  R.  Wheel 

36 

1.63 

0.16 

32 

1.56 

0.15 

1.997 

1.854 

accept  null  hypothesis 

1.5"  R.  Wheel 

27 

1.29 

0.23 

24 

1.07 

0.32 

2.010 

2.842 

reject  null  hypothesis 

2.25"  R  Wheel 

27 

0.86 

0.29 

24 

0.59 

0.31 

2.010 

3.213 

reject  null  hypothesis 

F-TEST  -  Comparison  of  the  Data  Variance 

Null  Hypothesis:  a2Mg  =  a2Na 
Alternate  Hypothesis:  a2Mg  *  a   2N3 
Significance  Level:  a  =  0.05 


X1"*  Transformed 

j 

<""  Transformed 

Test 

n  MgCI2 

O  MgC12 

n  NaCI 

O  NaCI 

r  a/2 

F 

Decision 

0.5"  Shoulder 

36 

0.21 

32 

0.14 

2.020 

2250 

variances  not  equal 

1.5"  Shoulder 

27 

0.28 

24 

0.28 

2.276 

1.000 

variances  equal 

2.25"  Shoulder 

18 

0.32 

16 

0.39 

2.813 

0673 

variances  equal 

0.5"  R  Wheel 

36 

0.16 

32 

0.15 

2.020 

1.138 

variances  equal 

1  5"  R.  Wheel 

27 

0.23 

24 

0.32 

2.276 

0.517 

variances  equal 

2.25"  R.  Wheel 

27 

0.29 

24 

0.31 

2.276 

0.875 

variances  equal 

CONFIDENCE  INTERVALS  -  The  Difference  Range  of  the  Means 

Confidence  Interval:  95%  (a  =  ±  2.5%) 


Data  Group 

Difference  Between  the  Means 
(lb/yd3) 

0 .5"  Shoulder 
1.5"  Shoulder 
2.25"  Shoulder 
0.5"  R.  Wheel 
1.5"  R.  Wheel 
2.25"  R.  Wheel 

n/a  (no  difference  between  u) 
n/a  (no  difference  between  u) 
n/a  (no  difference  between  u) 
n/a  (no  difference  between  u) 
0.56       <  nMg-UNa  <         2.28 

0.16          <HMg"HNa<              106 

Hypothesis  Testing  (xA0.25) 
CI  Data  Statistical  Analysis.xls 
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Number,  Deck  Area,  and  Replacement  Cost  of  Bridge  Inventory 
Sorted  by  ADT  (Sample  of  Inventory) 


Cateaorv  1.  Interstate  Bridaes 

Cateaorv  2.  ADT  >=  500 

Cateaorv  3  ADT  <  500 

Total -All  Bndaes 

ADT 

(Mm  of 
range) 

ADT 
(Max 

of 
range) 

Number  of 

bridges  in 

range 

Deck  area 

of  bridges 

in  range 

(m2) 

Replacement 

cost  of  bridges 

in  range  (S) 

Number  ol 

bridges  in 

range 

Deck  area 

of  bridges 

in  range 

(mJ) 

Replacement 

cost  of  bridges 

in  range  (S) 

Number  o 

bridges  in 

range 

Deck  area 

of  bridges 

in  range 

(mJ) 

Replacement 

cost  of 

bridges  in 

range  ($) 

Total 
number  ol 
bridges  in 

range 

Total  deck 

area  of 
bridges  in 
range  (m*) 

Total 

replacement 

cost  of 

bridges  in 

range  ($) 

0 

99 

0 

0 

0 

0 

0 

0 

62 

13.115 

13.115.000 

62 

13,115 

13,115,000 

100 

199 

0 

0 

0 

0 

0 

0 

2,229 

380,135 

380,135,000 

2.229 

380.135 

380  135,000 

200 

299 

0 

0 

0 

0 

0 

0 

162 

35.836 

35,836,000 

162 

35.836 

35.836,000 

300 

399 

0 

0 

0 

0 

0 

0 

179 

40,480 

40.480,000 

179 

40,480 

40,480.000 

400 

499 

0 

0 

0 

0 

0 

0 

118 

28.231 

28,231,000 

118 

28,231 

28.231,000 

500 

599 

0 

0 

0 

97 

26,002 

26,002,000 

0 

0 

0 

97 

26,002 

26,002,000 

600 

699 

0 

0 

0 

64 

15,379 

15,379,000 

0 

0 

0 

64 

15,379 

15,379.000 

700 

799 

0 

0 

0 

67 

29,975 

29,975,000 

0 

0 

0 

67 

29,975 

29,975.000 

800 

899 

0 

0 

0 

44 

11,665 

11,665.000 

0 

0 

0 

44 

11,665 

11,665,000 

900 

999 

0 

0 

0 

69 

21,859 

21,859.000 

0 

0 

0 

69 

21,859 

21,859,000 

1000 

1099 

0 

0 

0 

56 

17.510 

17,510.000 

0 

0 

0 

56 

17,510 

17.510,000 

1100 

1199 

0 

0 

0 

28 

9.983 

9,983,000 

0 

0 

0 

28 

9.983 

9,983,000 

1200 

1299 

0 

0 

0 

35 

12,312 

12,312.000 

0 

0 

0 

35 

12,312 

12.312,000 

1300 

1399 

0 

0 

0 

27 

11,582 

11.582,000 

0 

0 

0 

27 

11.582 

11,582,000 

1400 

1499 

0 

0 

0 

45 

14,555 

14.555,000 

0 

0 

0 

45 

14,555 

14.555.000 

1500 

1599 

0 

0 

0 

23 

5,954 

5.954.000 

0 

0 

0 

23 

5,954 

5,954,000 

1600 

1699 

0 

0 

0 

24 

3.991 

3,991,000 

0 

0 

0 

24 

3,991 

3,991,000 

1700 

1799 

0 

0 

0 

62 

22,346 

22,346,000 

0 

0 

0 

62 

22,346 

22,346,000 

1800 

1899 

8 

4778 

4,778,000 

21 

14,270 

14,270,000 

0 

0 

0 

29 

19,048 

19,048,000 

1900 

1999 

0 

0 

0 

40 

16,425 

16,425,000 

0 

0 

0 

40 

16.425 

16,425,000 

2000 

2099 

2 

2,710 

2,710,000 

30 

9,171 

9,171,000 

0 

0 

0 

32 

11,881 

11,881,000 

2100 

2199 

2 

559 

559.000 

8 

4,011 

4,011,000 

0 

0 

0 

10 

4.570 

4,570,000 

2200 

2299 

0 

0 

0 

14 

2,187 

2,187,000 

0 

0 

0 

14 

2,187 

2,187,000 

2300 

2399 

0 

0 

0 

23 

8,661 

8,661,000 

0 

0 

0 

23 

8.661 

8,661.000 

2400 

2499 

18 

8,063 

8,063,000 

23 

8,643 

8,643,000 

0 

0 

0 

41 

16.706 

16.706.000 

2500 

2599 

51 

26,651 

26,651,000 

16 

7,370 

7,370,000 

0 

0 

0 

67 

34,021 

34,021,000 

2600 

2699 

40 

42.831 

42,831,000 

10 

6,189 

6,189,000 

0 

0 

0 

50 

49,020 

49,020,000 

2700 

2799 

4 

2,120 

2.120.000 

9 

1,623 

1.623.000 

0 

0 

0 

13 

3.743 

3,743,000 

2800 

2899 

11 

13,606 

13,606,000 

4 

3,139 

3,139,000 

0 

0 

0 

15 

16,745 

16,745,000 

2900 

2999 

14 

31,586 

31,586,000 

11 

5,706 

5,706,000 

0 

0 

0 

25 

37.292 

37,292,000 

3000 

3099 

32 

20,246 

20.246.000 

13 

7,638 

7,638,000 

0 

0 

0 

45 

27.884 

27,884.000 

3100 

3199 

15 

17,449 

17,449,000 

7 

2,604 

2,604,000 

0 

0 

0 

22 

20,053 

20,053.000 

3200 

3299 

16 

13,698 

13,698,000 

8 

3.032 

3,032.000 

0 

0 

0 

24 

16,730 

16,730,000 

3300 

3399 

2 

868 

868,000 

11 

3,492 

3,492,000 

0 

0 

0 

13 

4,360 

4,360.000 

3400 

3499 

18 

6,338 

6,338,000 

2 

444 

444,000 

0 

0 

0 

20 

6,782 

6,782,000 

3500 

3599 

33 

17,062 

17,062.000 

3 

5,159 

5,159,000 

0 

0 

0 

36 

22,221 

22,221,000 

3600 

3699 

18 

7,733 

7,733,000 

5 

2,036 

2.036,000 

0 

0 

0 

23 

9,769 

9,769,000 

3700 

3799 

35 

16,133 

16,133.000 

5 

3,964 

3,964,000 

0 

0 

0 

40 

20.097 

20,097,000 

3800 

3899 

10 

7,911 

7,911.000 

9 

2.978 

2,978,000 

0 

0 

0 

19 

10,889 

10.889,000 

3900 

3999 

27 

14,681 

14,681.000 

7 

4,023 

4,023,000 

0 

0 

0 

34 

18,704 

18,704,000 

4000 

4099 

6 

2,044 

2.044,000 

5 

2,214 

2,214,000 

0 

0 

0 

11 

4,258 

4,258,000 

4100 

4199 

0 

0 

0 

3 

1,551 

1,551.000 

0 

0 

0 

3 

1,551 

1,551,000 

4200 

4299 

4 

2,058 

2,058,000 

2 

1,936 

1,936,000 

0 

0 

0 

6 

3.994 

3,994,000 

4300 

4399 

0 

0 

0 

7 

2,209 

2.209,000 

0 

0 

0 

7 

2.209 

2,209,000 

4400 

4499 

0 

0 

0 

6 

1,001 

1,001,000 

0 

0 

0 

6 

1,001 

1,001,000 

4500 

4599 

4 

1,607 

1.607.000 

6 

3,487 

3,487,000 

0 

0 

0 

10 

5,094 

5,094,000 

4600 

4699 

2 

302 

302.000 

4 

1.039 

1,039,000 

0 

0 

0 

6 

1.341 

1,341.000 

4700 

4799 

2 

1,047 

1,047,000 

0 

0 

0 

0 

0 

0 

2 

1.047 

1,047,000 

4800 

4899 

0 

0 

0 

3 

158 

158.000 

0 

0 

0 

3 

158 

158,000 

4900 

4999 

8 

4,044 

4,044,000 

4 

1,867 

1,867,000 

0 

0 

0 

12 

5,911 

5.911,000 

5000 

5099 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

5100 

5199 

4 

2,379 

2,379,000 

2 

531 

531.000 

0 

0 

0 

6 

2,910 

2,910,000 

5200 

5299 

24 

30,075 

30.075,000 

0 

0 

0 

0 

0 

0 

24 

30,075 

30,075,000 

5300 

5399 

0 

0 

0 

2 

1.018 

1,018,000 

0 

0 

0 

2 

1,018 

1,018,000 

5400 

5499 

0 

0 

0 

7 

3,688 

3,688,000 

0 

0 

0 

7 

3,688 

3,688,000 

5500 

5599 

10 

7,424 

7,424,000 

0 

0 

0 

0 

0 

0 

10 

7,424 

7,424,000 

5600 

5699 

16 

17,278 

17,278.000 

1 

186 

186.000 

0 

0 

0 

17 

17,464 

17,464,000 

5700 

5799 

22 

14.033 

14,033.000 

3 

4,892 

4.892,000 

0 

0 

0 

25 

18,925 

18,925,000 

5800 

5899 

11 

24,754 

24.754.000 

1 

158 

158,000 

0 

0 

0 

12 

24,912 

24,912,000 

5900 

5999 

7 

2,873 

2,873,000 

3 

579 

579,000 

0 

0 

0 

10 

3  452 

3,452,000 

6000 

6099 

17 

9,113 

9,113,000 

1 

154 

154,000 

0 

0 

0 

18 

9,267 

9,267,000 

6100 

6199 

0 

0 

0 

1 

225 

225,000 

0 

0 

0 

1 

225 

225,000 

6200 

6299 

22 

25,465 

25.465,000 

2 

278 

278,000 

0 

0 

0 

24 

25,743 

25,743,000 

6300 

6399 

3 

1,495 

1,495,000 

5 

6,039 

6,039,000 

0 

0 

0 

8 

7,534 

7,534,000 

6400 

6499 

2 

1,093 

1,093,000 

1 

94 

94,000 

0 

0 

0 

3 

1,187 

1,187,000 

6500 

6599 

15 

12,187 

12,187.000 

2 

1,553 

1,553,000 

0 

0 

0 

17 

13,740 

13,740,000 

6600 

6699 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

6700 

6799 

10 

12,757 

12,757.000 

1 

164 

164,000 

0 

0 

0 

11 

12,921 

12,921,000 
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Difference  in  Annual  Bridge  Replacement  Needs  If  Partial  System  Treated 
with  MgCI2  vs  NaCI  Assuming  MgCI2  Reduces  Service  Life  by  30% 
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APPENDIX  D 

BACKGROUND 
INFORMATION 


Appendix  D 


Qiloride  Analysis  Procedures 


The  Standard  Po tensometric  Titration,  AASHTO  T260-84 

This  method  was  used  as  the  basis  for  comparison  of  the  chloride  content  of  the  test  samples. 
The  following  procedure  was  used.   Three  g  of  the  powdered  concrete  sample  are  weighed  to 
the  nearest  mg.  Ten  ml  of  90  to  100"C  distilled  water  are  added  and  the  sample  is  swirled. 
After  the  sample  is  in  suspension,  the  slurry  is  ground  to  remove  any  lumps  and  then 
transferred  into  a  beaker.   Three  ml  of  concentrated  nitric  acid  are  added  to  the  remaining 
sample  material,  and  this  mixture  is  transferred  quantitatively  into  the  beaker  while  the  slurry 
is  stirred  constantly.   The  solution  is  increased  to  approximately  50  ml  by  adding  hot  distilled 
water. 

Five  drops  of  methyl  orange  indicator  are  added  to  the  slurry,  and  the  pH  of  the  sample  is 
adjusted  if  needed.   The  solution  is  then  covered  with  a  watch  glass  and  the  stirring  rod  is 
left  in  the  beaker.   Next,  the  solution  is  heated,  allowed  to  boil  for  1  minute,  and  then 
removed  from  the  heat.   The  sample  is  filtered  into  another  beaker  and  the  beaker,  filter 
paper,  funnel,  and  stirring  rod  are  rinsed  thoroughly  to  ensure  complete  transfer  of  the 
chloride.   Finally,  the  sample  is  allowed  to  cool  to  room  temperature. 

Four  ml  of  0.01N  NaCl  solution  are  added  to  the  sample  prior  to  titration  with  0.01N 
AgN03  solution.   A  chloride  specific  electrode,  Orion  Model  94-17B,  its  reference  electrode, 
and  a  millivoltmeter  are  used  in  the  determination  of  the  titration  end-point. 
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Method  of  Testing 
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Results  of  Testing 
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LAB  CHLORIDE  RESULTS  (°/t 

•  of  Dry  Weight) 

1 

File  No. 

Sample 

Test  1 

Test  2      |  Difference 

Average 

01+  9821 

1A 

0.029 

01+  9821 

2A 

0.130 

01+  9821 

2B 

0.046 

01+  9821 

2C 

0.015 

0.017 

0.002 

0.016 

01+  9821 

3A 

0.140 

01+9821 

3B 

0.044 

01+9821 

3C 

0.010 

01+9821 

4A 

0.039 

01+9821 

4B 

0.010 

01+9821 

5A 

0.230 

01+9821 

5B 

0.120 

01+  9821 

5C 

0.052 

01+  9821 

6A 

0.220 

01+9821 

6B 

0.140 

01+  9821 

6C 

0.048 

01+9821 

6D 

0.015 

01+  9821 

7A 

0.270 

0.280 

0.010 

0.275 

01+  9821 

7B 

0.130 

01+9821 

7C 

0.029 

01+  9821 

8A 

0.210 

Reference  Std.  #3 

0.046 

2 

05  +  1481 

1A 

0.170 

0.170 

0.170 

05  +  1481 

2A 

0.150 

05  +  1481 

2B 

0.027 

05+  1481 

2C 

0.012 

05  +  1481 

3A 

0.130 

05  +  1481 

3B 

0.033 

05  +  1481 

3C 

0.011 

05  +  1481 

4A 

0.120 

05  +  1481 

4B 

0.049 

05+  1481 

5A 

0.220 

05  +  1481 

5B 

0.061 

0.056 

0.005 

0.059 

05  +  1481 

5C 

0.008 

05  +  1481 

6A 

0.230 

05  +  1481 

6B 

0.100 

05  +  1481 

6C 

0.010 

05  +  1481 

6D 

0.011 

05  +  1481 

7A 

0.180 

05  +  1481 

7B 

0.110 

05  +  1481 

7C 

0.020 

05  +  1481 

8A 

0.310 

Reference  Std.  #3 

0.048 

3 

06  +  5481 

1A 

0.065 

0.067 

0.002 

0.066 

06  +  5481 

2A 

0.047 

06  +  5481 

2B 

0.012 

06  +  5481 

2C 

0.016 

06  +  5481 

3A 

0.027 

06  +  5481 

3B 

0.008 

06  +  5481 

3C 

0.008 

06  +  5481 

4A 

0.075 

06  +  5481 

4B 

0.028 

06  +  5481 

5A 

0.130 

06  +  5481 

5B 

0.060 

0.059 

0.001 

0.060 

06  +  5481 

5C 

0.034 

06  +  5481 

6A 

0.100 

06  +  5481 

6B 

0.033 

06  +  5481 

6C 

0.013 

06  +  5481 

6D 

0.009 

06  +  5481 

7A 

0  099 

06  +  5481 

7B 

0.041 

06  +  5481 

7C 

0.009 

06  +  5481 

8A 

0.090 

Reference  Std.  #3 

0.046 

4 

10  +  1221 

1A 

0.014 

0.015 

0.001 

0.015 

10  +  1221 

2A 

0.016 

10  +  1221 

2B 

0.009 

10  +  1221 

2C 

0.006 

10+  1221 

3A 

0.022 

10+  1221 

3B 

0.010 

10+  1221 

3C 

0.007 

10  +  1221 

4A 

0.035 

10  +  1221 

4B 

0.017 

10  +  1221 

5A 

0.150 

10  +  1221 

5B 

0.061 

0.062 

0.001 

0.061 

10  +  1221 

5C 

0.009 

10  +  1221 

6A 

0.150 

10  +  122^ 

6B 

0.055 

revised 

10  +  1221 

6C 

0.008 

revised 

10+  1221 

6D 

0.009 

10+  1221 

7A 

0.130 

10  +  1221 

7B 

0.044 

10  +  1221 

7C 

0.009 

10  +  1221 

8A 

0.059 

Reference  Std.  #3 

0.046 

I 

5 

10  +  7441 

1A 

0.059 

0.057 

0.002 

0.053 

10  +  7441 

2A 

0.070 

10  +  7441 

2B 

0.027 

10  +  7441 

2C 

0.009 

10  +  7441 

3A 

0.076 

10  +  7441 

3B 

0.031 

10  +  7441 

3C 

0.011 

10  +  7441 

4A 

0.062 

10  +  7441 

4B 

0.011 

10  +  7441 

5A 

0.120 

10  +  7441 

5B 

0.027 

0.029 

0.002 

0.028 

10  +  7441 

5C 

0.008 

10  +  7441 

6A 

0.230 

10  +  7441 

6B 

0.028 

10  +  7441 

6C 

0.012 

10  +  7441 

6D 

0.008 

10  +  7441 

7A 

0.095 

10  +  7441 

7B 

0.013 

10  +  7441 

7C 

0.014 

10  +  7441 

8A 

0.170 
0.045 

Reference  Std.  #3 

6 

23  +  631 

1A 

0.052 

0.052 

0.052 

23  +  631 

2A 

0.026 

23  +  631 

2B 

0.008 

23  +  631 

2C 

0.007 

23  +  631 

3A 

0.028 

23  +  631 

3B 

0.007 

23  +  631 

3C 

0.006 

23  +  631 

4A 

0033 

23  +  631 

4B 

0.008 

23  +  631 

5A 

0.250 

23  +  631 

5B 

0.100 

0.100 

0.100 

23  +  631 

5C 

0.035 

23  +  631 

6A 

0.190 

23  +  631 

6B 

0.078 

23  +  631 

6C 

0.010 

23  +  631 

6D 

0.015 

23  +  631 

7A 

0.270 

23  +  631 

7B 

0.078 

23  +  631 

7C 

0.020 

23  +  631 

8A 

0.230 

Reference  Std.  #3 

0.047 

7 

29  +  2051 

1A 

0.076 

0.083 

0.007 

0.080 

29  +  2051 

2A 

0.074 

29  +  2051 

2B 

0.034 

29  +  2051 

2C 

0.015 

29  +  2051 

3A 

0.073 

29  +  2051 

3B 

0.049 

29  +  2051 

3C 

0.048 

29  +  2051 

4A 

0.059 

29  +  2051 

4B 

0.049 

29  +  2051 

5A 

0.230 

29  +  2051 

5B 

0.120 

0.120 

0.120 

29  +  2051 

5C 

0.060 

29  +  2051 

6A 

0.280 

29  +  2051 

6B 

0.190 

29  +  2051 

6C 

0.100 

29  +  2051 

6D 

0.018 

29  +  2051 

7A 

0.300 

29  +  2051 

7B 

0.180 

29  +  2051 

7C 

0.080 

29  +  2051 

8A 

0.270 

Reference  Std.  #3 

0.047 

8 

29  +  2052 

1A 

0.035 

0.035 

0.035 

29  +  2052 

2A 

0.033 

29  +  2052 

2B 

0.023 

29  +  2052 

2C 

0.014 

29  +  2052 

3A 

0.034 

29  +  2052 

3B 

0.021 

29  +  2052 

3C 

0.015 

29  +  2052 

4A 

0.044 

29  +  2052 

4B 

0.031 

29  +  2052 

5A 

0.170 

29  +  2052 

5B 

0.130 

0.120 

0.010 

0.130 

29  +  2052 

5C 

0.063 

29  +  2052 

6A 

0.190 

29  +  2052 

6B 

0.078 

29  +  2052 

6C 

0.023 

29  +  2052 

6D 

0.014 

29  +  2052 

7A 

0.170 

29  +  2052 

7B 

0.096 

29  +  2052 

7C 

0.025 

29  +  2052 

8A 

0.200 

Reference  Std.  #3 

0.046 

I 

9 

29  +  3682 

1A 

0.083 

0.080 

0.003 

0.082 

29  +  3682 

2A 

0.074 

29  +  3682 

2B 

0.012 

29  +  3682 

2C 

0.011 

29  +  3682 

3A 

0.056 

29  +  3682 

3B 

0.017 

29  +  3682 

3C 

0.010 

29  +  3682 

4A 

0.067 

29  +  3682 

4B 

0.013 

29  +  3682 

5A 

0.240 

29  +  3682 

5B 

0.120 

0.110 

0.010 

0.120 

29  +  3682 

5C 

0.039 

29  +  3682 

6A 

0.220 

29  +  3682 

6B 

0.110 

29  +  3682 

6C 

0.035 

29  +  3682 

6D 

0.009 

29  +  3682 

7A 

0.250 

29  +  3682 

7B 

0.160 

29  +  3682 

7C 

0.075 

29  +  3682 

8A 

0.230 

Reference  Std.  #3 

0.045 

10 

34  +  2081 

1A 

0.051 

0.051 

0.051 

34  +  2081 

2A 

0.039 

34  +  2081 

2B 

0.031 

34  +  2081 

2C 

0.025 

34  +  2081 

3A 

0.020 

34  +  2081 

3B 

0.007 

34  +  2081 

3C 

0.007 

34  +  2081 

4A 

0.043 

34  +  2081 

4B 

0.018 

34  +  2081 

5A 

0.170 

34  +  2081 

5B 

0.062 

0.061 

0.001 

0.062 

34  +  2081 

5C 

0.021 

34  +  2081 

6A 

0.180 

34  +  2081 

6B 

0.035 

34  +  2081 

6C 

0.009 

34  +  2081 

6D 

0.009 

34  +  2081 

7A 

0.140 

34  +  2081 

7B 

0.031 

34  +  2081 

7C 

0.008 

34  +  2081 

8A 

0.130 

Reference  Std.  #3 

0.047 

I 

11 

34  +  2082 

1A 

0.021 

0.022 

0.001 

0.022 

34  +  2082 

2A 

0.054 

34  +  2082 

2B 

0.009 

34  +  2082 

2C 

0.007 

34  +  2082 

3A 

0.036 

34  +  2082 

3B 

0.021 

34  +  2082 

3C 

0.008 

34  +  2082 

4A 

0.036 

34  +  2082 

4B 

0.024 

34  +  2082 

5A 

0.160 

34  +  2082 

5B 

0.048 

0.047 

0.001 

0.048 

34  +  2082 

5C 

0.013 

34  +  2082 

6A 

0.240 

34  +  2082 

6B 

0.083 

34  +  2082 

6C 

0.009 

34  +  2082 

6D 

0.007 

34  +  2082 

7A 

0.200 

34  +  2082 

7B 

0.059 

34  +  2082 

7C 

0.009 

34  +  2082 

8A 

0.160 

Reference  Std.  #3 

0.044 

12 

39  +  8052 

1A 

0.100 

0.110 

0.010 

0.110 

39  +  8052 

2A 

0.067 

39  +  8052 

2B 

0.025 

39  +  8052 

2C 

0.009 

39  +  8052 

3A 

0.093 

39  +  8052 

3B 

0.024 

39  +  8052 

3C 

0.007 

39  +  8052 

4A 

0.080 

39  +  8052 

4B 

0.022 

39  +  8052 

5A 

0.190 

39  +  8052 

5B 

0.080 

0.083 

0.003 

0.082 

39  +  8052 

5C 

0.009 

39  +  8052 

6A 

0.100 

39  +  8052 

6B 

0.015 

39  +  8052 

6C 

0.009 

39  +  8052 

6D 

0.008 

39  +  8052 

7A 

0.180 

39  +  8052 

7B 

0.100 

39  +  8052 

7C 

0.021 

39  +  8052 

8A 

0.120 

Reference  Std.  #3 

0.045 

I 

I 

13 

39  +  9911 

1A 

0.056 

0.055 

0.001 

0.056 

39  +  9911 

2A 

0.074 

39  +  9911 

2B 

0.056 

39  +  9911 

2C 

0.052 

39  +  9911 

3A 

0.055 

39  +  9911 

3B 

0.040 

39  +  9911 

3C 

0.017 

39  +  9911 

4A 

0.050 

39  +  9911 

4B 

0.027 

39  +  9911 

5A 

0.200 

39  +  9911 

5B 

0.100 

0.097 

0.003 

0.099 

39  +  9911 

5C 

0.046 

39  +  9911 

6A 

0.260 

39  +  9911 

6B 

0.087 

39  +  9911 

6C 

0.056 

39  +  9911 

6D 

0.015 

39  +  9911 

7A 

0.290 

39  +  9911 

7B 

0.100 

39  +  9911 

7C 

0.053 

39  +  9911 

8A 

0.190 

Reference  Std.  #3 

0.046 

14 

39  +  9912 

1A 

0.078 

0.077 

0.001 

0  078 

39  +  9912 

2A 

0.079 

39  +  9912 

2B 

0.012 

39  +  9912 

2C 

0.007 

39  +  9912 

3A 

0.071 

39  +  9912 

3B 

0.017 

39  +  9912 

3C 

0.009 

39  +  9912 

4A 

0.042 

39  +  9912 

4B 

0.009 

39  +  9912 

5A 

0.180 

39  +  9912 

5B 

0.020 

0.019 

0.001 

0.020 

39  +  9912 

5C 

0.083 

0.087 

0.004 

0.085 

39  +  9912 

6A 

0.150 

39  +  9912 

6B 

0.042 

39  +  9912 

6C 

0.007 

39  +  9912 

6D 

0.007 

39  +  9912 

7A 

0.094 

39  +  9912 

7B 

0.029 

39  +  9912 

7C 

0.009 

39  +  9912 

8A 

0.180 

Reference  Std.  #3 

0.045 

15 

42  +  9191 

1A 

0.041 

0.041 

0.041 

42  +  9191 

2A 

0.055 

42  + 9191 

2B 

0.018 

42  +  9191 

2C 

0.008 

42  +  9191 

3A 

0.096 

42  +  9191 

3B 

0.007 

42  +  9191 

3C 

0.006 

42  +  9191 

4A 

0.050 

42  +  9191 

4B 

0.025 

42  +  9191 

5A 

0.150 

42  +  9191 

5B 

0.054 

0.054 

0.054 

42  +  9191 

5C 

0.009 

42  +  9191 

6A 

0.170 

42  +  9191 

6B 

0.035 

42  +  9191 

6C 

0.009 

42  +  9191 

6D 

0.011 

42  +  9191 

7A 

0.240 

42  +  9191 

7B 

0.098 

42  +  9191 

7C 

0.012 

42  +  9191 

8A 

0.200 

Reference  Std.  #3 

0.045 

16 

45  + 1802 

1A 

0.024 

0.023 

0.001 

0.024 

45+  1802 

2A 

0.019 

45  +  1802 

2B 

0.007 

45+  1802 

2C 

0.007 

45  +  1802 

3A 

0.033 

45  +  1802 

3B 

0.013 

45  +  1802 

3C 

0.005 

45  +  1802 

4A 

0.043 

45  +  1802 

4B 

0.029 

45  +  1802 

5A 

0.038 

45  +  1802 

5B 

0.007 

0.007 

0.007 

45  +  1802 

5C 

0.006 

45  +  1802 

6A 

0.083 

45+  1802 

6B 

0.025 

45+  1802 

6C 

0.007 

45  +  1802 

6D 

0.005 

45  +  1802 

7A 

0.032 

45  +  1802 

7B 

0.006 

45  +  1802 

7C 

0.007 

45  +  1802 

8A 

0.130 

Reference  Std.  #3 

0.045 

17 

53  +  7232 

1A 

0.052 

0.053 

0.001 

0.053 

53  +  7232 

2A 

0.044 

53  +  7232 

2B 

0.008 

53  +  7232 

2C 

0.033 

53  +  7232 

3A 

0.095 

53  +  7232 

3B 

0.011 

53  +  7232 

3C 

0.022 

53  +  7232 

4A 

0.050 

53  +  7232 

4B 

0.006 

53  +  7232 

5A 

0.140 

53  +  7232 

5B 

0.042 

0.040 

0.002 

0.041 

53  +  7232 

5C 

0.077 

53  +  7232 

6A 

0.098 

53  +  7232 

6B 

0.023 

53  +  7232 

6C 

0.057 

53  +  7232 

6D 

0.010 

53  +  7232 

7A 

0.077 

53  +  7232 

7B 

0.010 

53  +  7232 

7C 

0.037 

53  +  7232 

8A 

0.110 

Reference  Std.  #3 

0.044 

18 

57  +  4722 

1A 

0.100 

0.099 

0.001 

0.100 

57  +  4722 

2A 

0.032 

57  +  4722 

2B 

0.014 

57  +  4722 

2C 

0.007 

57  +  4722 

3A 

0.080 

57  +  4722 

3B 

0.027 

57  +  4722 

3C 

0.018 

57  +  4722 

4A 

0.093 

57  +  4722 

4B 

0.059 

57  +  4722 

5A 

0.180 

57  +  4722 

5B 

0.110 

0.110 

0.110 

57  +  4722 

5C 

0.037 

57  +  4722 

6A 

0.058 

57  +  4722 

6B 

0.042 

57  +  4722 

6C 

0.024 

57  +  4722 

6D 

0.011 

57  +  4722 

7A 

0.170 

57  +  4722 

7B 

0.150 

57  +  4722 

7C 

0.086 

57  +  4722 

8A 

0.110 

Reference  Std.  #3 

0.045 

19 

58  +  5501 

1A 

0.016 

.  0.017 

0.001 

0.017 

58  +  5501 

2A 

0.057 

58  +  5501 

2B 

0.021 

58  +  5501 

2C 

0.009 

58  +  5501 

3A 

0.057 

58  +  5501 

3B 

0.019 

58  +  5501 

3C 

0.023 

58  +  5501 

4A 

0.039 

58  +  5501 

4B 

0.020 

58  +  5501 

5A 

0.180 

58  +  5501 

5B 

0.060 

0.061 

0.001 

0.061 

58  +  5501 

5C 

0.009 

58  +  5501 

6A 

0.160 

58  +  5501 

6B 

0.035 

58  +  5501 

6C 

0.013 

58  +  5501 

6D 

0.007 

58  +  5501 

7A 

0.220 

58  +  5501 

7B 

0.086 

58  +  5501 

7C 

0.011 

58  +  5501 

8A 

0.240 

Reference  Std.  #3 

0.044 

20 

58  +  5502 

1A 

0.044 

0.044 

0.044 

58  +  5502 

2A 

0.048 

58  +  5502 

2B 

0.009 

58  -  5502 

2C 

0.008 

58  +  5502 

3A 

0.058 

58  +  5502 

3B 

0.014 

58  +  5502 

3C 

0.010 

58  +  5502 

4A 

0.077 

58  +  5502 

4B 

0.036 

58  +  5502 

5A 

0.110 

58  +  5502 

5B 

0.022 

0.021 

0.001 

0.022 

58  +  5502 

5C 

0.010 

58  +  5502 

6A 

0.038 

58  +  5502 

6B 

0.010 

58  +  5502 

6C 

0.007 

58  +  5502 

6D 

0.007 

58  +  5502 

7A 

0.056 

58  +  5502 

7B 

0.007 

58  +  5502 

7C 

0.007 

58  +  5502 

8A 

0.130 

Reference  Std.  #3 


0.045 


Analytical  Services 

Levelton  Engineering  Ltd. 

150-12791  Clarke  Place  LEVELTORI 

Richmond.  B.C.  Engineering  Solutions 

Canada  V6V  2H9 

Tel:         604  278-1411 

Fax:        604  278-1042 
E-Mail:lcvchon@smara.com 

QUALITY  ASSURANCE/QUALITY  CONTROL 
Accreditation: 

Levelton  Analytical  Services  is  a  member  of  the  Canadian  Association  for  Environmental  Analytical 
Laboratories  (  CAEAL).  The  laboratory  is  currently  certified  for  a  total  of  19  inorganic  and  organic 
parameters.  Levelton  also  participates  in  the  B.C.  Ministry  of  Environment's  Laboratory  Proficiency 
Program'  and  the  Asbestos  Proficiency  Testing  Program  of  the  Workers'  Compensation  Board  of  B.C. 

Analytical  Methods  and  Procedures: 

Levelton  Analytical  Services  uses  only  analytical  methodologies  that  have  been  approved  and  refereed 
by  other  recognized  organizations.  These  methods  have  been  derived  from: 

American  Public  Health  Association-Standard  Methods 

U.S.  Environmental  Protection  Agency  Methods  Manual 

Canadian  Society  of  Soil  Science  Methods  Manual 

British  Columbia  Environmental  Laboratory  Manual 

Workers'  Compensation  Board  Laboratory  Analytical  Methods 

American  Society  for  Testing  and  Materials  Methods 

National  Institute  of  Occupational  Safety  and  Health  Methods 

Canadian  Standards  Association  Methods 
All  analytical  methodologies  adopted  for  routine  use  are  evaluated  for  precision  and  accuracy  using 
Q.C.  samples,  duplicates  and  Certified  Reference  Standards,  when  available.   Methodologies  are 
reported  along  with  analytical  results. 

Quality  Control  Procedures: 

►  Use  of  National  Institute  of  Standards  (MIST)  and  other  reference  standards  to  measure 

accuracy. 

Analysis  of  duplicates  to  evaluate  precision. 
Calibrations  for  every  run  and  in-line  calibration  checks. 
Analysis  of  quality  control  samples  at  low  and  high  ends  of  the  linear  range. 
Use  of  method  blanks  to  monitor  for  contamination. 
Review  of  final  report  by  Project  Chemist  and  Laboratory  Manager. 
Use  of  Control  Charts  to  track  accuracy  and  bias 

Certified  by  the  Canadian  Association  for  Environmental  Analytical  Laboratories  (CAEAL)  for 
specific  environmental  tests  listed  In  the  Registration  Status  Report 
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Levelton  Engineering  Ltd. 

321,  840-6th  Avenue  S.W. 
Calgary,  Alberta 
Canada  T2P  3E5 


To:  Reid  Crowther  &  Partners  Ltd 
Att:  Mr  PauJ  Gortei  n.C-ng. 


cc; 


W*  TV?  ^W^ 


Tel:  (403)  269-4141 
Fax:  (403)  234-0661 
E-Mail:  ievelton-cgy@ccinet.ab.ca 


Fax  number:  403  488  2121 


Fax  number: 


From:  Greg  Wennerstrom 

Telephone  number: 

Date:    Decejn>s+^nTrTi98 

frfr> 

1  1,  w*i 

Project  number:  P98-029 

Total  number  of  pages:  13 

Please  call  403-269-4141   if  any  pages  are  missing 

Dear  Mr  Carter 

Thank  you  for  your  letter  ref.  77054-03  dated  December  8,  1998  in  response  to  our  proposal  P98-029  for  chloriae 
content  analysis  of  hardened  concrete. 

We  understand  that  your  primary  concern  in  The  upcoming  Montana  DOT  study  is  to  obtain  accurate  chloride  analysis 
test  data.  We  are  confident  that  Levelton  Engineering  Ltd.'s  experience  in  conducting  cnlonde  analysis  testing,  our 
participation  in  laboratory  proficiency  test  programs  and  the  proposed  duplicate  and  reference  sample  tests  will  ensure 
that  the  test  data  is  accurate. 

In  reply  to  your  specific  questions: 

1.  "Please  define  the  terms  reference  and  duplicate  samples". 

A  duplicate  sample  is  obtained  by  splitting  a  test  sample  and  retaining  a  portion  for  subsequent  reanalysis  or  duplicate 
testing. 

A  reference  sample  is  a  laboratory  prepared  aqueous  solution  of  known  chloride  concentration. 


2.  "Would  the  retestmg  be  done  regardless  of  whether  we  supply  cores  or  powder  samples?" 

^do;plicate  » mP'es  wiil  b?J!sted  on  either  ««8  or  Pov-der  samples.  If  cores  are  provided  the  sample  slic.ng  and 
powder  preparation  fees  would  be  charged. 

3.  "What  is  Levelton's  policy  if  the  retests  are  not  in  agreement  with  the  original  test  results? 

The  duplicate  test  sample  results  must  be  within  +/_  10%  of  the  sample  test  result.  If  the  difference  is  greater  a  repeat 
test  is  earned  out  on  the  retained  portion  of  the  test  sample.  If  the  repeat  test  is  within  +A  1 0%  of  the  sample  test  result 
no  further  replicate  tests  are  carried  out  and  the  original  test  result  and  repeat  test  result  are  reported.  The  duplicate 

redplen,  pleaSe  b,  no.med  that  the  taking  o,  any  «£  J  SSRX   oS  X£eS« ft£S5E5 ,^7 IT  "^  IT  "*  n0t  ,he  'mended 
p.eaae  Immadla.aiy  notify  ua  0y  taiephona  and  arrange  ior  rawrn  ot  One  ortaCd^nwn.  S^T  °         "^     ^  *""  ^""^ th'9  t9leeooy  '"  9rror 
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Fax  Transmittal 


LEVELTON  Levelton  Engineering  Ltd. 

Engineering    Solutions 

321 ,  840-6th  Avenue  S.W. 
Calgary,  Alberta 
Canada  T2P  3E5 

Tel:  (403)  269-4141 
Fax:(403)  234-0661 
E-Mail:  levelton-cgy@ccinet.ab.ca 


result  will  be  reported  but  identified  as  an  outlier.  If  the  repeat  test  shows  a  larger  variance,  the  test  procedures  and 
calculations  will  be  reviewed  to  determine  the  reason  for  the  variance  and  duplicate  tests  may  be  carried  out  on  the 
retained  portion  of  ail  10  samples  in  the  group. 

4."We  will  likely  prefer  the  acid  soluble  version  on  the  test  method,  unless  there  is  a  good  reason  for  using  the  water 
soluble  version.  Our  proposal  to  the  DOT  states  that  we  would  use  the  AASHTO  T-260  test  method.  Could  you  clarify 
the  difference  between  the  CSA  A23.2-4B  and  the  T-260  method.?" 

The  CSA  A23.2-4B  method  is  a  test  for  water  soluble  chlonde  ions,  and  involves  boiling  the  pulverised  sample  in  water 
which  will  dissolve  water  soluble  chloride  ions  in  the  concrete,  including  the  aggregate.  The  AASHTO  T-260  method  is 
similar  to  the  ASTM  C114  method,  and  uses  a  nitric  acid  extraction  method  which  will  determine  the  total  chloride 
content  of  the  concrete  and  aggregate.  The  selection  of  acid  soluble  or  water  soluble  method  will  depend  on  preference 
or  the  evaluation  of  threshold  limits  for  chloride  which  can  be  based  on  either  methd. 

We  are  able  to  carry  out  chloride  tests  following  the  AASHTO  T260  or  the  ASTM  C1 14  method,  at  the  same  unit  pnee 
as  indicated  in  the  proposal. 

I  trust  the  above  clarifies  your  concerns.  Please  do  not  hesitate  to  contact  us  should  you  require  further  information. 

Regards, 


Greg  Wennerstrom,  P.Eng. 


Confidentiality  note  to  Unintended  RecipienL  Piaasa  be  advised,  the  document  accompanying  this  telecopy  transmission  contains  information  belonging  to  Laveiton 
Englneenng  Ltd.,  which  may  be  confidential  and/or  legally  privileged,  and  £  intended  ONLY  tor  the  use  of  the  Individual  at  entity  named  ebove.  if  you  are  not  the  intended 
recipient  please  be  notified  that  the  taking  of  any  action  in  reliance  on  me  contents  of  thta  telecopied  Informetlon  Is  prohibited.  If  you  heve  received  this  telecopy  in  error, 
please  Immediately  notify  us  by  telephone  and  arrange  for  return  of  the  original  document  to  us 
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APPENDIX  E 

MAGNESIUM 
TREATED  BRDIGE 
SITES 


Bridge  Sires  that  Receive  MgCl* 

Bndge  No. 

I 
Route 
No. 

Features  intersected                            Location 

Type  Structure 

Deck  Wearing 

Surface 

Span« 

Max  Span     Length 
HI             (ml 

Deck 

womim 

Deck 
Area 

Bum 

Rehabd 

100015120*06971 

000  lb 

LOCA.  CREEK  RARUS  MvVR  fi 

*2  KM  W  ROCKER 

Steel  Stringer. Gi'der 

1  Monolithic  Concete 

11 

21  336    '  186  642 

954 

1595 

1961 

0 

5200 

100015120*0*972 

O0015 

LOCAL  CREEK  RARUS  M.VR  R*2  KM  W  RO 

Steel  Slrinoei-'Grrder 

1  Monolithic  Concele 

1 1 

21  336     1    182  2? 

954 

1556 

1961 

0 

5200 

IO0015122-O4231 

00015 

INT  ROCKER 

ROCKER 

Prestressed  Conceie  S[rr.oerC,\-ae- 

i  Mcno'ilhic  Concrete 

3 

13  716    j    35  966 

12  405 

417 

1968 

0 

12850 

100015122*0423! 

00015   llNT  ROCKER 

ROCKER 

Presiressed  Concrete  Siring«r/Gifdw 

■  Mc-"c  iihic  c  sneme 

3 

U02      '    35  966 

12313 

417 

1968 

0 

12660 

000-5124*00371 

00015 

NE.'ERSWE-t  RAILROAD 

3  KM  W  BUTE 

Concrete  Continuous  Tee  6earn 

0  None 

3 

15  5*4        d0  536 

9  662 

346 

1955 

0 

15020 

000- 5124*00372 

OOOlS 

NEVER  SWEAT  RAILROAD 

3KMW  BUTTE 

Concrete  Com  nuous  T»e  Beat1 

0  None 

3 

15544 

«.  536 

9  662 

346 

1955 

0 

16020 

00015124*06901 

00015 

SM  LOCAL    RARJS  RAILWAY 

I  KM  W  BUTTE 

^resires&ec  Concete  Sinnoer/Girdei 

1  Monolithic  Concete 

5 

19612 

92  049 

9  662 

786 

1964 

0 

11370 

100015124-08262 

00015 

SM  LOCAL.  RARUS  RAILWAY 

2  KM  W  BUTTE 

Prestressed  Concele  Conner, Girder 

1  Monolithic  Concete 

5 

19812 

98  145 

9  662 

638 

1964 

0 

11370 

00015124*06701 

00015 

SILVERBOWCR  MT  WEST  R> 

2  KM  W  BUTTE 

Steel  Stnn<jer.G.fder 

1  Monolithic  Concrete 

30  48 

134  72- 

9  022 

1153 

1964 

0 

11370 

■00015-25*00542 

00015 

SlLVERBOWCR   MTWESTRt 

2KMWBUTTE 

Steel  Slnnjer/G-ftJe. 

1  Monolithic  Concete 

6 

149  04? 

9  022 

1272 

1964 

0 

ii3?r 

100015125*06631 

00015 

MONT  WESTERN  RWY    LOCA 

BUTTE 

Sieei  Continuous  Slringei7G.rc.er 

1  Monolitni:  Concete 

E 

22  86 

143  665 

9  662 

1228 

1964 

o 

11 370 

100016125*06632 

00015    iMONT  WESTERN  RWV.  LOCAL 

BUTTE 

Sieel  Stringer/Girder 

l  Monolithic  Concrete 

f 

2286 

j  id  1 1','. 

9  662 

1228 

1964 

0 

11370 

100015126*03161 

00015    jlNT  MONTANA  STREET 

BUTTE 

Sieei  Slrinoer/Girder 

l  Moioiiirn:  Concete 

3 

23  469 

5  1  20-: 

9631 

437 

1961 

0 

11370 

100015126*03162 

00015     INT  MONTANA  STREET 

BUTTE 

Steel  Sir  rcer'G-rder 

1  Mononhic  Concele 

3 

23  469 

51  206 

9  662 

437 

1961 

0 

11379 

100015127*09361 

00015    '.INT  HARRISON  AVE 

BUTTE 

Presiressed  Concrete  Stnnaer/Girder 

1  Mononit'c  Concrete 

6 

18  288 

63  -:.■: 

9631 

S44 

1960 

0 

12210 

100015127*09362 

00015 

i.,7  HARR;SON  t-.'t- 

BUTTE 

Prestressed  Concrete  Slnnger/Girder 

1  Monolithic  Concete 

4 

16  592 

:     ; : 

9631 

544 

1960 

0 

12210 

100015130*00261 

00015 

BfJRR  (TRACKS  NOT  IN  USE) 

BUTTE 

Prestressed  Concrete  Smnger/Gi.der 

i  Mono  itnic  Concele 

4 

21  64 

66  ?;  i 

12  588 

773 

1986 

0 

3100 

100016130*00262 

00015 

BNRP  (TRACKS  NOT  IN  USE) 

BUTTE 

Sieel  Slnnger/Girder 

1  Monolithic  Concele 

4 

23  469 

70  104 

14  325 

940 

1966 

0 

3100 

100015192*06941 

00015 

U5306    MONTANA  RAIL  LINK 

HELENA 

Sieel  Continuous  Stnngw/Girder 

l  Monolithic  Conce'e 

12            53  949 

243  84 

9  692 

2081 

1961 

0 

15100 

100015192*06942 

00015 

U5S06    MONTANA  RAIL  LINK 

HELENA 

Steel  Continuous  Girae'--ioorDeam 

l  Monohlhic  Concrete 

1? 

53  949 

74  7  49? 

9  692 

2112 

1951 

0 

15100 

100015357*00:51 

D0O15 

MARl&S  RIVER 

6  KM S SHELBY 

PrestresseC  Concrete  Slnnc-er. Girder 

1   Mono.iihic  C  encre'e           ' 

38  404 

147  523 

13  472 

1866 

TV,' 

0 

2690 

100015357*00752 

00C15 

MARIAS  RIVER 

9  KM  S  SHELBY 

Prestressed  Concrete  Stringer/Girder 

1  Monolithic  Conceie 

5 

38  404 

147  523 

13  472 

1866 

1976 

0 

2690 

I000153G3*04631 

00015 

INT  SHELBY    BN  RR 

SHELBY 

Steel  Stringer/Girder 

6  eilummcLS 

e 

20  421 

130  759 

13319 

1594 

1960 

1993 

2C60 

100015363*04632 

OOGlf: 

INT  SHELBY  BNRR 

SHELBY 

Sleei  St'ir.aer'Girder                                 16  Bituminous 

8 

20  421 

130  759 

9  662 

1116 

1960 

1993 

2080 

O02.-5379.C2551 

00015 

INT  KEVIN 

17KMS  SUNBURST 

PrestresseC  Concrele  Slnnger'Girder 

'  Monolilhic  Concele 

3 

21  945 

4389' 

13  38 

574 

1980 

0 

1870 

05516379*02; 52 

00015 

INT  KEVIN 

17  KM  S  SUNBURST 

Prestressed  Conceie  Slfinqer/GirdCf 

*  Monolithic  Ccncele 

3 

14  02 

36  576 

1 1 ;.(/.' 

SOI 

1964 

0 

1870 

100015389*06151 

OOf'Jl! 

INT  SUNBURST 

SUNBURST 

Prestressed  Concrele  Stringer/Girder 

i  Monolithic  Concete 

3 

19812 

44  805 

13472 

560 

1977 

0 

1810 

100015389*08152 

00015 

INT  SUNBURST 

SUNBURST 

Presiressed  Concrele  S'.nnqer/Giraer 

G  Bilummous 

3 

19812 

51  816 

9  723 

442 

1961 

0 

1810 

100090001*09821 

0009C 

SEP  LOCAL  ROAD 

3  KM  E  LOOKOUT  PASS 

Prestressed  Concete  S.rmaer/Girder 

i  Monohtnic  Conce'e 

3 

17  068 

48  463 

25  766 

1188 

1973 

0 

5710 

100090005*01481 

00090 

SEP  LOCAL  ROAO 

13  KM  E  LOOKOUT  PASS 

Prestressed  Concete  Slnngtr/Gifdei 

1  Monoiilnic  Concrete 

3 

31  069 

94  468 

25  766 

2316 

1973 

0 

5710 

100090055*06861 

00090 

INTTAFT 

15  KM  E  LOOKOUT  PASS 

Prestressed  Concete  Sinnrjer'Girder 

1  Monoliih.c  Conceie 

3 

18  592 

40  538 

25  786 

993 

1973 

0 

5710 

100090006+05481 

00090 

SEP  RANDOLPH  CREEK  ROAD 

GKM  WSALTESE 

Pm  •  i ■<-, itu  I    jriL'ete  S:rrnger/G-rCe( 

l  Monolithic  Concete 

3 

14  02 

36  966 

25  786 

881 

16.73 

0 

5710 

100090010*01221 

00090 

ST  REGIS  RIVER 

1  KM  WSALTESE 

presiressed  Concrete  Stnnger/Gffde. 

1  Monokine  Concete 

3 

21  945 

46  939 

25  359 

115C 

1973 

0 

5710 

100090010*05291 

00090 

INT  SALTfcSE 

SALTESE 

Presiressed  Concrete  Stnroer'G  rde1 

1  fvonolitiic  Concete 

3 

22  8 

22  8 

25        1      585 

1973 

0 

5710 

100090010*07441  |    00090 

ST  REGIS  RIVER 

SALTESE 

Prestressed  Concrete  StrmgerfGirdef 

1  Monolrthic  Concete 

3 

23  164 

60  35 

27  492 

1479 

1973 

0 

6050 

100090016. 03301       0009D 

NT  HAUGAN 

HAUGAN 

Concrete  Continuous  Tee  Bean- 

ONone 

3 

24  688 

35661 

13  716 

468 

1976 

0 

6050 

100090016*03302 

00090 

INT  HAUGAN 

HAUGAN 

Concrele  Continuous  Tee  Beam 

0  None 

3 

24  688    1    35  661 

13716 

460 

1976 

0 

6050 

100090018*09271 

ouuy  j 

INT  DEBORGIA 

DE  BORGIA 

essed  Concrele  Stnnqer/Girder 

1  Monolithic  Concete 

3 

17  373 

36  576 

13  776 

474 

1976 

0 

6050 

100090018*09272 

000  t.0 

INTDEBORGW 

DE  BORGIA 

"'r.i-'e«?i   >'■■-'*->   :■'■.;:..'-■    ...if  .;>..- 

1  Monolithic  Conceie 

3 

17  373 

36  576 

13  776 

4:^ 

1976 

0 

6050 

100090022*00131 

00090 

IN"  HENDERSON 

5  KM  E  DE  BORG.A 

Presiressed  Concrete  Strinqer  (Girder 

1  Monoiilnic  Concete 

3 

17  06B 

42  062 

27919 

1097 

I960 

0 

5270 

00090023*00631 

00090 

ST  REGIS  RIVER.  LOCAL  RD 

7KMEDE  BORGIA 

Steel  Conimuous  Slrtnqer'Grde' 

1  Monolithic  Concete 

3 

53  34 

138  684 

26  791 

3618 

1979 

0 

5270 

100090023*03251 

00090 

ST  REGIS  RIVER.  LOCAL  RD 

7  KM  E  DE  BORGIA 

Sieel  Continuous  Slrmqer'G  rde' 

1  Monolithic  Concete 

4 

54  559 

194  462 

26  791 

5074 

1679 

0 

5270 

100090024.04051 

00090 

ST  REGIS  RIVER 

9  KM  E  DE  BORGiA 

Prestressed  Concrete  SinnqeryGirder 

1  Monolithic  Concrete 

4      i     29  565 

116  128 

13  269 

1472 

1960 

0 

5270 

100090024*06031 

00090 

ST  REGIS  RIVER 

9KME  DE  BORGA 

Presiressed  Concrete  Stnnger'Girder 

1  Mono'ilhic  Concete 

4 

31089 

122  529 

13  289 

15S4 

1980 

0 

5270 

100090025*03931 

00090 

INTDREXEL 

I0KMEDE  BORGIA 

Pre  sire  s:-cc  '.  or-ceie  '_  v  naer.Girder 

1  Monolithic  Cuncele 

3 

14  02 

37  49 

13  289 

475 

1980 

0 

5270 

100090025*03932 

00090 

INTDREXEL 

10  KM  E  DE  BORGIA 

Prestressed  Concrete  Slrinoer/Girder 

1  Monolithic  Conceie 

3 

14  02 

37  49 

13  289 

475 

19b! 

0 

5270 

100090029*02051 

00090 

ST  REGIS  RIVER 

7  KM  W  ST   REGIS 

Sieel  Slnnner.Girder 

1  Monolithic  Concrete 

4 

122  63 

13  045 

1769 

1981 

0 

5270 

'00090029*02062 

00090 

ST  REGIS  RIVER 

7  KM  W  ST   REGIS 

Sieel  Sirmoer'Girder 

1  Monolnhic  Concele 

4 

31  089 

122  529 

13  CMS 

1419 

1981 

0 

5270 

100090029*03681 

00090 

ST  REGIS  RIVER 

7  KM  W  ST.  REGIS 

Sieel  Sirmoer/Girder 

1  Monolithic  Concete 

4 

36  88 

1335 

13045 

1546 

isai 

0 

5270 

I00090029-O3682 

00090 

ST  REGIS  RIVER                              7  KM  W ST    REGIS 

Sieei  Sir  ncei'Grder 

1  Mono'ilhic  Concele 

4 

36  88 

116  262 

13  045 

1370 

1981 

0 

5270 

100090030*01171 

00090 

INT  TWO  MILE-ST  REGIS  RV      16  KM  W  ST  REGIS 

Prestressed  Concrete  Stnncje'/'Girder 

1  Monolithic  Concele 

3 

30784 

66  868 

13  228 

1096 

1981 

0 

5270 

100090030*01172 

00090 

INT  TWO  MILE-ST  REGIS  RV 

6  KM  W  ST.  REGIS 

P'estressed  Concrete  Stmije', Girder 

1  Monoinhic  Concete 

3 

30  784 

86  868 

13228 

1096 

1981 

0 

5270 

100050030*02024 

00090   |  ST  REGIS  RIVER-INT  RAMP 

6  KM  W  ST  REGIS 

Concete  Tee  beam 

0  None 

2 

23  164 

45  72 

8  839 

385 

1981 

0 

5270 

100090030*05492 

00090 

ST  REGIS  RIVER 

5  KM  W  ST   REGIS 

Sieel  Conimuous  StnnoerTGirdei 

i  Monolithic  Concete 

4 

30  784 

114  604 

13  106 

1453 

1981 

0 

5270 

100090031*04  741 

00090 

ST  REGIS  R;VER 

3  KM  W  ST  REGIS 

P.estressed  Concrete  Smnge'/Girder 

1  Monouthic  Concete 

2 

32  308 

64617 

13  228 

815 

1981 

D 

5270 

100090033*04071 

00090 

INT  ST  REGIS 

ST   REGIS 

Presiressed  Concete  Stnnqer/GirOer 

1  Monoiilnic  Concrete 

3 

15  24 

381 

13441 

512 

1983 

0 

5270 

100090033*04072 

00090 

INT  ST  REGIS 

ST  REGIS                                IPrestressed  Concrete  Stnnqer/Giroer 

1  Monolithic  Conceie 

3 

15  24 

38  1 

13  441 

480 

1983 

0 

5270 

100090033*05281 

00090 

ST  REGIS  RIVER 

ST  REGiS                               Prestressed  Concrete  Stnnger/Gifd« 

1  Monolithic  Conceie 

3 

24  384 

7498 

13441 

944 

1983 

0 

6220 

100090033*05282 

00090 

ST  REGIS  RIVER 

ST   REGIS 

Prestressed  Concrete  Smnqer/Giroer 

i  Monolithic  Concrele 

3 

24  384 

74  98 

13  441 

944 

1983 

0 

6220 

100090033*05263 

00090 

ST  REGIS  RIVER-INT  RAMP 

ST    REGIS 

Preslressec  Concele  Stnnqef'GirOer 

l  Monolithic  Conceie 

3 

25  908 

80  162 

12  222 

911 

1983 

0 

6220 

100090033*05284 

00090 

ST  REGIS  RIVER-INT  RAMP 

ST   REGIS 

PrestresseC  Concrete  Smnger.Giraer 

i  Monolithic  Concele 

3 

21945 

64  008 

9  174 

535 

1983 

0 

6220 

100090061*07931 

00090 

INT  TARKIO  COUNTY  ROAD 

22  KM  WALBERTON 

Pieskessed  Conaele  Stnnger'Giraer    .  S  Epoiy  Overlay 

3 

14  02 

39  624 

12  405 

459 

1959 

0 

6720 

100090061*07932 

00090 

INT  TARKIO  COUNTr  ROAD 

22  KM  W  ALBEPTON 

PrestresseC  Concrete  Stnnoer'Girder    IS  Epony  Overlay 

3 

14  02 

39  624 

12  405 

492 

19S9 

0 

6720 

100090065*04971 

00050 

SEP  COUNTY  ROAD 

16  KM  WALBERTON 

Prestressed  Concete  Smnger /Girder     5  Epoxy  Ove'lay 

i 

40  53e 

■.36  5; 

13411 

1582 

1981 

0 

6720 

1 30090065*049 12 

00090 

SEP  COUNTY  ROAD 

16  KM  WALBERTON 

Steel  Continuous  Stringer/Gndtr 

5  Epoxy  Overlay 

e 

17  068 

135  94 

9  509 

1160 

1965 

0 

6720 

103993066*02791 

00090 

CLARK  FORK 

15KM  WALBERTON 

Steel  Continuous  Strmqei'Gi'der 

1  Monolithic  Concrete 

5 

57912 

264  261 

13  533 

3335 

1981 

0 

6720 

100090066*02752 

00090 

CLARK  FOR". 

15KM  WALBERTON 

Steel  Cor.1 1                  ■         lorbeam 

5  Epoxy  Overlay 

7 

64  008 

245  973 

9  601 

2099 

1965 

0 

6720 

9?6b*04211 

00090 

MONTANA  RAIL  LINK 

15  KM  WALBERTON 

Prestressed  Concete  Stnnaer/Giraer 

1  MonoMn.c  Concele 

4 

32  918 

100  279 

13  533     1     1265 

1961 

0 

6720 

IO0090O66+O4212 

00090 

MONTANA  RAIL  LINK 

15KM  WALBERTON 

Steel  Slrmoe-'Giroer 

5  Epoiry  Overlay 

7 

15544 

103  327 

9  692 

882 

1965 

0 

6720 

100090069*00411 

00090 

LOCAL    MONTANA  RAIL  LINK 

10  KM  WALBERTON 

Prestressed  Concrete  Smnoer/Girder 

1  Monoi'thic  Concele 

4 

17  373 

60  96 

12618 

706 

1981 

0 

6720 

100090069*00412 

00090 

LOCAL.  MONTANA  RAIL  LINK 

10KM  WALBERTON 

Presiressed  Concrete  Strmqer/G'rder 

1  Monolithic  Concrete 

4 

18  897 

57  912 

14  264 

777 

1964 

0 

6720 

100090070*00901 

00090 

1NTCYR.  CLARK  FOP". 

S  KM  WALBERTON 

Steel  Continuous  SUinoei/Girder 

1  Vonol'ttvc  Concrele 

7 

51  206 

238  048 

13  533 

3004 

1981 

0 

6930 

100090070*00902 

00090 

INTCYR    CLARK  FORK 

9  KM  W  ALBERTON 

Sieei  Continuous  Gtrder-f  loorbeanr. 

i  Monolith  c  Concrete 

9 

50  596 

232  257 

9  692 

1982 

1965 

0 

6980 

10009007  7*06411 

0-0090 

INT  LOTMROP 

4KUb  ALBERTON 

Presiressed  Concete  Sir  noe''G'r3er 

1  Monoinhic  Concete 

3 

18  288 

43  586 

1347: 

551 

1S75 

0 

5880 

10009007 7*D64 12  ,    0309J 

INT  LOTHROP 

4  KM  E  ALBERTON 

Presiressed'  jnceie  Sv  cei-Grde- 

1  MCflOlilhiC  Concete 

3 

12  192 

1/  44 

14,295 

503 

1963 

0 

5880 

100090079*04271  j    00090 

SEP  COUNTY  ROAD 

7  KM  E  ALBERTON 

Concrele  Slab 

1  Monolithic  Concrete 

1 

4  876 

5  486 

36 

74 

1963 

1979 

5880 

100090080*03411  I    00090 

CLARK  FORK 

8  KM  E  ALBERTON 

Steel  Ccrlmuous  Sirmqer'Girder 

5  Epoxy  Overlay 

7 

46  329 

3108% 

13  289 

3942 

1979 

0 

5880 

100090080*03412  I    00090 

CLARK  FORK 

8  KM  E  ALBERTON 

Stee  Cortmuous  Girder-Fioo'Deam 

S  Epoxy  Overlay 

7 

46  329 

267  919 

8  991 

228? 

1964 

0 

5880 

100090031*08401  J    00090 

CLARK  FORK  RIVER 

10  KM  E  ALBERTON 

Siee1  Cornnuous  Girder-Fjoorbeam 

5  Epoxv  Overlay 

9 

48  768 

299313 

18  989 

5109 

1964 

0 

5880 

100090082*06231   1    00090 

INT  NINE  MLE 

1 1  KM  W  FRENCHTOWN 

Prestressed  Concrete  Sirmger/Girder 

5  Epoxy  Overlay 

3 

12  496 

37  795 

11  734 

432 

1964 

0 

7200 

100090082*06232  1    00090 

INT  NINE  MILE 

11  KM  WFRENCHTOWN 

Presiressed  '  .■•rw  rule  Stnnoe'.'Girder 

5  Epoxy  Overlay 

3 

12  496 

:i    •  1 : 

11  734 

432 

1964 

0 

7200 

100090086*06411  1    00090 

SEP  HOULE  CREEK  ROAO 

s  km  w  frencht  own 

Concrete  Continuous  Stab 

t  Monolithic  Concete 

3 

4  144 

24  079 

13  226 

304 

1971 

0 

7200 

100090086*06412 

00090 

SEP  HOULE  CREEK  ROAD 

5  KM  W  FRFNCHTCWN 

Concrete  Continuous  Slab 

1  Monolithic  Concete 

3 

9  144 

24  079 

13  238 

304 

1971 

0 

7200 

100090093*03971 

00093 

SEP  COUNTY  ROAD 

6  KM  E  FRENCHTOWN 

Concrete  Continuous  Slab 

l  Monolrthic  Concrete 

3 

9  144 

24  379 

13  228 

304 

1971 

0 

9040 

100090093*03972 

,■,:.)<>■<   1 

SEP  COUNTY  ROAD 

6KME  FRENCHTOWN 

;  .-r  cre'.e  Ccrlr  i  ouS  Col. 

1  Monolithic  Concrele 

3 

9  144 

74  379 

13  228 

304 

1971 

0 

9040 

100090096*09851 

00090 

MONTANA  RAIL  LINK 

8  KM  W  MISSOULA 

Presiressed  Concrete  Slnnger/Girder 

1  Monohlhic  Concrele 

3 

17  068 

49  682 

11.887 

569 

1966 

0 

16350 

100090096*09852 

00090 

MONTANA  RAIL  LINK 

8  KM  W  MISSOULA 

Presiressed  Concrete  Stnnoer/Girder 

1  Monolithic  Concrete 

3 

17  068 

49  632 

11  8B7 

569 

1966 

1986 

16350 

100090098*04271 

00090 

SEP  COUNTY  ROAD 

6  KM  W  MISSOULA 

Prestressed  Concrete  Stnnqer/Girder 

i  Monolithic  Concrete 

3 

15  849 

42  062 

12  192 

477 

1966 

0 

16350 

100090098*04272 

00090 

SEP  COUNTY  ROAD 

GKM  W  MISSOULA 

°reslressed  Concrete  Slrmgei/Girder 

1  Monolithic  Concrete 

3 

16849 

42  062 

12  192 

477 

1965 

0 

16350 

100090101*07081 

00090 

INT  RESERVE  STREET 

MISSOULA 

Prestressed  Concrete  Stnnqer/Girder 

1  Monohlhic  Concrele 

4 

15  849 

59  436 

12  192 

674 

1966 

1986 

17070 

100090101*07082 

00090 

INT  RESERVE  STREET 

MISSOULA 

Prestressed  Concrete  Snnqer/Girder 

1  Monoliihic  Conceie 

4 

15  849 

59  436 

12  192 

674 

1966 

0 

17070 

100090101*07083 

00090 

GRANT  CREEK-INT  RAMP 

MISSOULA 

Concrete  Slab 

1  Monohlhic  Concrele 

1 

9  753 

9  753 

8  229 

71 

1966 

0 

17070 

100090101*07084 

0009  0 

GRANT  CREEK-INT  RAMP 

MISSOULA 

Concrete  SlaP 

i  Monohlhic  Concrete 

1 

9  753 

9  753 

8229 

71 

1966 

0 

17070 

100090103*01641 

0009  0 

SEP  COUNTY  ROAD 

MISSOULA 

Prestressed  Concrete  Stringer/Girder 

1  Monohlhic  Concete 

3 

15  849 

42  062 

12313 

477 

1966 

0 

17070 

100090103*01642 

00090 

SEP  COUNTY  ROAD 

MISSOULA 

Prestressed  Concrete  C-irnoer/Girder 

1  Monohlhic  Concete 

3 

15849 

42  062 

12313 

477 

1966 

0 

17070 

100090104*07801 

ooooo 

INT  ORANGE  STREET 

MISSOULA 

Presiressed  Concrete  Srngei/Girder 

t  Monolithic  Concrete 

3 

21  945 

54  559 

11  765 

609 

1966 

0 

17200 

100090104*07802 

00090 

INT  ORANGE  STREET 

MISSOUi-A 

Prestressed  Concrete  Stn.-ige'/Grder 

1  Monoiiric  Concrete 

3 

21  945 

54  559 

11  765 

609 

1966 

0 

17200 

100090105*04671 

00090 

DUNCAN  DR  RATTLESNAKE  CfiMlSSOULA 

Prestressed  Concrete  Strnqer/Grrder 

1  Monohlhic  Concrele 

4 

31  089 

74  676 

11  43 

842 

1966 

0 

19330 

00090105*04672 

00090    IDUNCANOR 

Presiressed  Concrete  Slnnger/Girder 

1  Monohlhic  Concrete 

4 

31  089 

74  676 

14  02 

1024 

1966 

0 

19330 

.00090105*04673 

00090 

RATTLESNAKE  ST-INT  RAM=-> 

MISSOULA 

Presiressed  Concrele  SmnoerrGifOer 

1  Monohlhic  Concrete 

A       I 

68  58 

7.315 

481 

1919 

0 

193)0 

100090105*06331 

00090 

NT  VAN  BUREN  STREET 

WSSQULA 

Presressed  Concrete  Sinnger/Gnoer 

t  Monohlhic  Concrete 

4 

12  801 

50  292 

12  039 

583 

1964 

0 

19330 

100090105*06332 

00090 

INT  VAN  BUREN  STREET 

MISSOULA 

Prestressed  Concrele  Stnnoer.Girder 

1  Monohlhic  Concrele 

4 

12801 

50  292 

12  039 

583 

1964 

0 

19330 

100090107*02701 

00090 

INT  E  MISSOULA 

EAST  MISSOULA 

Presiressed  Concrete  Slnnger-Girder 

1  Monolithic  Conceie 

3 

21  945 

59  131 

12039 

670 

1964 

0 

17990 

00090107*02702 

00090 

INT  E  MISSOULA 

EAST  MISSOULA 

Prest-essed  Concrele  Stnnqer/Girder 

1  Monolithic  Concrete 

3 

21  945 

59  131 

12  039 

670 

1964 

0 

17990 

100090175*02151 

00090 

LITTLE  BLACK.FOOT  RIVER 

2  KM  S  GARRISON 

--rest'esscd  Concrele  Slrmoe. 'Gtrcer 

1  Monolithic  Concrete  1       2 

19812 

39  928 

13  898 

506 

1979 

0 

7430 

100090175*02152 

00090 

LITTLE  BLACKFOOT  RIVER 

2KMSGARRI0SN 

Prest'essed  Concrele  Slfinqer'Girder 

1  Monolithic  Concrele 

2 

19812 

39  928 

13  698 

506 

1979 

0 

7430 

100090175*05331 

00090 

INT  E  GARRISON   MT  W  R> 

7  KM  S  GARRISON 

sieei  Conimuous  Slringer/Glrdei 

5  Epo*y  Overlay 

5 

45  11 

182  27 

13.38 

2306 

1979 

0 

7430 

100090175*05332 

00090 

INT  E  GARRISON   MT  W  RY 

2  KM  S  GARRISON 

Steel  Continuous  Strmge'/Girder 

5  Epoxv  Overlay 

5 

45  11 

177  393 

13  38 

2244 

1979 

0 

7430 

100090195*07131 

00090 

ABANDONED  RAILROAD 

1SKMS  DEER  LODGE 

Steel  Continuous  Stnnqer/Girder 

t  Monolithic  Concele 

3 

46  634 

120  091 

13472 

1519 

1978 

0 

6580 

I0OO90195.07132 

00O90 

ABANDONED  RAILROAD 

15  KM  S  DEER  LODGE 

Steel  Continuous  Stnngei'Girder 

-  Monoiilnic  Concete 

3 

46  634 

118  557 

13  38 

1500 

1978 

0 

6580 

100090227*04551 

00090 

INT  MS 

BUTTE 

Steel  Stnnqer/Girder                                 |1  Monolitbrc  Concrete 

3 

23  164 

58  826 

12374 

681 

1963 

0 

7903 

100090227*04557 

OOUS:  ■ 

INT  1  15 

3UTTE 

Steel  Stringer/Girder 

'  Monolithic  Concrete 

3 

23  164 

59  131 

12  496 

685 

1963 

0 

7900 

100090290*07391 

00090 

CAMP  CREEK 

3  KM  E  MANHATTAN 

Presiressed  Concrele  Slnnger'Girder 

1  Monoltth'C  Concele 

2 

12  496 

26  296 

11  978 

288 

1965 

0 

9080 

'00090290*0739: 

0009C 

CAMP  CREEK 

3  KM  E  MANHATTAN 

Presuessed  Concrete  Stringer/Girder 

l  rvtonolnnic  Concrete 

2 

12  496 

25  298 

1 1  978     '      288 

1965 

0 

9080 

100090290*0951 1 

00090 

BAKER  CREEK 

3W-  MANHATTAN 

Presiressed  Conceie  Sirmcer/Girder   ll  Monoiniic  Concrete 

2 

1402 

28  346 

11  978     i      322 

1965 

0 

9080 

00090290+09512 

00090 

BAKER  CREEK 

3  KM  E  MANHATTAN 

Prestressed  Concete  String w/Girdef 

1  Monolithic  Concele 

2 

14  02 

26  346 

11  978 

322 

1966 

0 

9080 

100090291*06371 

0009O 

SEP HEEB  LANE 

4  KM  E  MANHATTAN 

Prestressed  Concrete  Sitinaer/GWet 

1  Monoi'thic  Concrele 

3 

128C1 

3SC52 

11  978 

399 

1965 

0 

9080 

I00090291 +06372 

..0090 

SEP  HEEB  LANE 

4  KM  E  MANHATTAN 

Prestressed  Concrete  S ! ri no er/ Girder 

1  Monolith^  Concreie 

3 

128C1 

35  052 

11  978 

399 

1965 

0 

9080 

.00090292*04251 

00090 

GALLATIN  RIVER 

5  KM  E  MANHATTAN 

Prestressed  Concete  Stnnoer/Giraer 

5  Epoiry  Overlay 

4 

15  649 

62  788 

11  978 

714 

1991 

0 

9080 

I00090292+04252 

00090 

GALLATIN  RIVER 

5  KM  E  MANHATTAN 

Presiiessed  Coicele  Siriroer/Girder 

5  Epory  Overlay 

4 

15.24 

62  786 

11  978 

714 

1965 

0 

9080 

I0O090293+02131 

00090 

SEP  CENTRAL  PARK 

9  KM  W  BELGRADE 

Presiressed  Concrete  StnngBrJGtrder 

1  Monolithic  Conceie 

3 

12  192 

34  747 

12  496 

402 

'965 

0 

9080 

100090293+02132 

00090 

SEP  CENTRAL  PARK 

8  KM  W  BELGRADE 

Prestressed  Concrete  Sf-ioer'Girder 

1  Monolithic  Concrete 

3 

•2  192 

34  747 

12  496 

402 

1965 

0 

9080 

100090303+05881   '    00090 

SEP  VALLEY  CENTER  ROAD 

4  KM,  W  EOZEMAN 

Prestressed  Concrete  Slnnoer/Girder 

1  Monolthic  Concete 

3 

•2  192     i    34  747 

12  496 

402 

1966 

0 

1658C 

'  '0  ■553:i2*55362  '    00050 

SEP  VALLEY  CENTER  ROAD 

4  KM  WBOZEMAN 

Frestress?d  Concete  Stnrcer'Giroer 

l  Monolithic  Concrete  i       3 

12  192     I    34  747 

12  496 

402 

1966 

0 

16580 

I0O05C3O7+O6281 

00090 

P86  MONT  RAIL  LINK 

BOZEMAN 

Stee'  Continuous  Sinnoe'Girder 

l  Monohlhic  Concete 

3 

41  452 

109423 

12  496 

1267 

1966 

198t 

11860 

100090307*06282 

00090 

P  86  MONT  RAIL  LINK 

BOZEMAN 

Steel  Continuous  Stringer/Girder 

1  Monohlhic  Concete 

3 

41  452 

109  421 

12496 

1267 

1968 

1981 

11860 

100090307*06431 

0009C 

MONTANA  RAIL  LINK 

30ZEMAN 

Presiressed  Concrete  Snncer.'G  rde- 

i  Wr^rC'inhic  Conr-eie 

3 

21  64 

57  912 

12  496 

671 

1968 

C 

1166C 

I00050307-08432 

0009C 

MONTANA  RAIL  LIN". 

BOZEMAN 

Pres'resse:  Concrete  StnncerG/roe-   |1  Monoianic  CDnc/ete 

3      |      21  64 

57  912 

12  496 

671 

1968 

C 

11 860 

/■son  MgCI  only-FlNAL-1  XlS 
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100093308*00001 

30050    iSEPL  STREET                                |B0Z6MAN 

Preslressec  Concrete  Sinnger  Girder 

i  Monolithic  Conaele 

3 

it  EST 

44   196 

1  ?  496 

512      |    1968 

0 

'    860 

100090306 -OO002 

00090   ISEPL  STREET                               30ZEMAN 

Preslressed  Conaele  Slrmoer.'Girde- 

1  Monolithic  Concrele 

■• 

I8B97 

44  196 

12  496 

51? 

1966 

0 

11860 

100090303*00551 

00090     MONTANA  RAIL  LINK                      SOZEMAN 

.It*    ! '  -  *  'vjou:.  '."  '  .t  "  ..  -dc- 

1  Monolrlhic  Conaete 

3 

35  052 

92  564 

13472 

1176 

■971 

0 

10840 

100090309+00592       00090 

MONTANA  RA'l  LINK                      3026 MAN 

-lee   Continuous  Sirincer'Girde- 

1  Monolithic  Conae'e 

"*       3 

35  052 

92  564 

14  366 

1261 

1971 

0 

10840 

100090309-03701       00390 

INT  EAST  BCZEMAN-PSC 

B02EMAN 

Prestressed  Conaete  Stringer/Girder 

1  Monolrlhic  Conaele 

20  421 

62  766 

12  405 

727 

1971 

0 

10840 

100090309-03702  1    00090 

INT  EAST  BCZEMAN-P  50 

BOZEMAN 

Prestressed  Conaele  Stringer/Girder  jl  Monolithic  Conaele 

4 

20  421 

62  7e8 

13  955 

823 

197 

0 

10640 

100090*34-00901  1    00090 

INT  LAUPEL-F  4    3N  RAIL 

LAUREL 

sieei  Stringer/Girder 

1  Monolithic  Conaele 

5 

34  137     ,  ill  55 

9  723 

952 

1964 

0 

12960 

1000504  34*00932 

00093 

'NT  LAU3EL-P4   BNHAIL 

LAUREL 

Sleel  Sirmaer/G'rder 

1  Monolithic  Conaete 

5 

34  -37 

111  556 

13  38 

1471 

1954 

1561 

12560 

100090437*04791 

00090 

INT  MOSSMAIN  ROAD-P  4 

5  KM  E  LAUREL 

Preslressed  Conaele  Strinoer/Gircer 

1  Monolnhic  Conaete 

3 

T    -4  32= 

36  576 

12  496 

424 

1964 

0 

17550 

.00053437*04792 

OO090 

INT  MOSSMAIN  ROAD-P  4 

5  KM  E  LAUREL 

Preslresseo  Conaele  Stringer/Girder 

1  Monolithic  Concrele 

3 

14  325 

36  576 

^      :  4  -V 

424 

1964 

0 

' 

00090438*003:11 

00090 

BBWA  CANAL 

6KME  LAUREL 

Prestressed  o  oncrete  Slringer/Girder 

6  Bnummous 

12  192 

•  :■  49t 

•2  645 

145 

1564 

0 

17550 

00090436-00392 

^    0-jC'O 

8BWA  CANAL 

6  KM  E  LAUREL 

Preslressed  Concrete  Strmger/G'rder 

6  Bituminous 

1 

12  192 

12  456 

'2  649 

145 

1564 

0 

17550 

100090440-02531 

00090 

SEF  COUNT1*  POAD 

9  KM  W  BILLINGS 

Preslressed  Concre'e  Stringer/Girder 

6  Brtummous 

3 

18  697 

46  634 

9  631 

398 

1961 

0 

1 7550 

100090440*0253? 

00090 

SEP  COUNT*  ROAD 

9  KM  W  BILLINGS 

prestressed  Concrete  Slrirtgerjtiirdei 

5  Brtummous 

3 

16  897 

46  634 

9  631 

396 

1561 

0 

17550 

100090442*08261 

0009D 

CANYON  CREEK 

5  KM  w  BILLINGS 

Preslressed  Concrete  Strmge  .G  -de' 

6  Bituminous 

3 

I5B49 

46  634 

9  692 

396 

1955 

0 

'  70S' 

'00090442*06262 

00090 

CANYON  CREEK                              5KMW  BILLINGS 

Preslressed  Concrete  Strrnaer/Grder 

6  Bituminous 

3 

15  849 

46  634 

9  448 

398 

1959 

0 

17550 

00090445-04541 

00090 

MOGAN  SLOUGH                                BILLINGS 

Preslressed  Conaele  Slnnoei/Girder 

6  Bituminous 

2 

12  496 

24  993 

12  679 

269 

1956 

0 

17660 

100090445*04542 

00090 

HOGAN  SLOUGH                            IBiLLINGS 

Preslressed  Concrete  slrmoeiGirdpr 

6  Bilumtnous 

2 

12  496 

24  993 

12  679 

289 

1555 

0 

17680 

100090445*09641 

00090 

INT  WBILLINGS-U1020 

BILLINGS 

Preslressed  Concrete  Sirmoei/Girder 

5  Epoiy  Overlay 

4 

15  649 

56  388 

12  649 

653 

1964 

0 

17680 

100090445*09642 

00090 

INT  WBILUNGS-U1020 

BILLINGS 

Presuessed  Concrete  Slrmrger/C-rrder 

5  Epoy  Overlay 

4 

15  649 

•■    S'i* 

12  649 

: 

1964 

0 

176B0 

100090446*01581 

00090 

INT  W  BILLINGS-U1010 

BILLINGS 

Sleel  Conlmuous  Strinoer/Giroei 

I  Monolilhic  Concre'e 

1 

42  976 

4  2    SKK 

12  283 

496 

1994 

0 

17660 

100090446*01582 

00090     INT  WBILLINGS-U1010 

BILLINGS 

Sleel  Continuous  StnngeOGirder 

1  Monolithic  Conaete 

1 

42  672 

43  586 

12  283 

496 

1954 

0 

1  70-T 

100090448*04001 

00090     IRRIGATION  DITCH 

BILLINGS 

Steel  Culvert 

1  Monolithic  Concrete 

2 

3  048 

7  01 

0 

83 

1966 

0 

17660 

100090450*05271 

00090    JMT  POWER  RR  SPUR 

BILLINGS 

Preslressed  Concrete  SlnngeriGrrder 

5Epo»y  Overlay 

3 

15  644 

45  11     I     12  222 

509 

1966 

0 

14460 

100090450*0527? 

00090    Imt  POWER  RR  SPUR 

BILLINGS 

Preslressed  Concrete  Si'inger/Girder 

6  Eposy  Overlay 

3 

15  849 

45  11     '     12  222 

509 

1966 

0 

•4  460 

100090452*0033' 

00090 

YELLOWSTONE  RIVER 

billing: 

Sleet  Conlmuous  Giroer-F.oorbeam 

5  Epox^Overlay 

9 

55  778 

288  036  |      9  631 

2458 

1962 

0 

1     14" 10 

100090452*0033? 

oooso 

YELLOWSTONE  RIVER 

BILLINGS                                  Sleel  Continuous  Girder-Fiooroearr, 

5  Epoiry  Overlay            I       9 

5!  776 

268  036 

9  631 

2458 

1952 

0 

14810 

I000ui2455*03081 

00090 

INT  JOHNSON  LANE  IU1028I 

4  KM  E  BILLINGS                    IPrestressed  Conc/ele  SirmgeriGiroer     i  Monolithic  Conaele 

3 

17373 

46  634 

12  192 

526 

1967 

0 

13450 

100090455*0308? 

00090 

INT  JOHNSON  LANE  |UI028| 

4  KM  E  BILLINGS                     Prestressed  Concrete  Stringer/Girder  ■  1  Monoliltiic  Conaele 

3 

17373 

45  72 

12  192 

516 

1967 

0 

13450 

100094136*0330' 

00054 

INTP-18(MT59) 

MILES  CITY                              Preslressec  Conaele  Srrmqer/Girder 

1  Monolithic  Concrete 

3 

23  116 

46  158 

9  662 

411 

1961    I         0 

3640 

100054136*0330? 

00094 

INT  P-18  IMT  591 

MiLESCITY 

Preslressed  Cor-creie  Slrnger'Giroer 

'  Monolilhic  Concrete 

3 

,  ■■  -  64 

51  511 

13411 

652 

1974 

0 

2640 

100094140*06631 

00094 

JP  GRADE  SEP 

2  KM  E  MILES  CITY 

.-,.,,,,  v  o  no 

6  Bilummous 

1 

4  267 

4  267 

37  764 

1  14 

1962 

1974 

3640 

100054214*0832* 

00094 

YELLOWSTONE  RIVER 

GLENDIVE 

Sleel  Continuous  Grroer-Floorbeam      |1  Monolithic  Conaete 

10 

82  296 

601  37 

9  448 

5132 

1968 

0 

3180 

100094214*083?? 

00094 

YELLOWSTONE  RIVER 

GLENDIVE 

Sleel  Continuous  G'ider-Flooideam      'l  Monoliltiic  Conaele 

01 

„;.   2c,6 

613  562 

9  448 

5236 

1566 

0 

3180 

10031 5O00-00001 

00315 

INT  1-15 

GREAT  FALLS 

Preslressed  Concrete  Slnnoer/Giroer 

5  Epoiry  Overlay 

5 

21  336 

69  611 

16459 

1229 

1967 

1956 

■:"..  ': 

100315000*03.121 

00315 

FAU  5225-BRIDGE  ST 

GREAT  FALLS 

freslreised  Conaele  Som-rer  C  roc 

1  Monolilhic  Conaele 

3 

15  849 

45  72 

11  948 

518 

1967 

1995 

1 2300 

100315000*03422 

003 15 

FAU  S225-ERIDGE  ST 

GREAT  FALLS 

Preslressed  Concrete  S'rinqerrGiraer 

1  Monolilhic  Conaele 

3 

15  649 

44  196 

11  948 

603 

1967 

1995 

12900 

100315001*0069 

00315 

BN  RAILROAD 

GREAT  FALLS 

Sleel  Conlmuous  Slrmger/Giroer 

1  Monolithic  Conaele 

3 

20  421 

54  254 

10515 

496 

1946 

1996 

15850 

100316001 400692 

i     00315 

BNRA  IROAD 

GREAT  FALLS 

Sleel  Slrmger/Grrdei 

1  Monolithc  Concrele 

5 

is  649 

63  398 

10  119 

580 

1967 

1956 

15850 

P00001014*05731 

00002 

CALLAHAN  CREEK 

TROY 

Preslresseo  Conaele  Stnnoer/Girder 

1  Monolithic  Concrete 

2 

25  603 

51  511 

14  325 

691 

1969 

0 

4190 

P00001031-01261 

OOC02 

PARMENTER CREEK 

1M  NW  LIBBY 

Concrele  SlaD 

6  Bituminous 

1 

7  924 

T   504 

?1  244 

164 

1970 

0 

6720 

P0000l03?*003fll 

00002 

FLOWER  CREEK 

LIBBY 

Concrele  Slab 

6  bituminous 

1 

7  924 

7  924 

22  89 

164 

1970 

0 

8670 

P00001035*0?771 

O0OC2 

E'G  CHERRY  CREEK 

3MSW  LIBBY 

Preslresseo  Concrete  Sir.nqer'Gfder 

1  Monolilhic  Concrete 

2 

22  66 

46  024 

25  054 

9S4 

1976 

0 

6890 

POO001 122*33341 

00002 

STI.LWATER  PIVEF 

1M  NE  KALISPELL 

Preslressed  Concrele  sir  nojer/Girder 

1  i.'1-.-ciiiix  Co-'Oe'.e 

2 

27  736 

56  08  3 

10  058 

513     1    1966 

1995 

31450 

P00001 122*03342 

D0002 

STLLWATER  RIVER 

1M  NE  KALISPELL 

Preslressed  Concrete  Slonqer'Girde- 

1  Monolithic  Conaete 

2 

27  736 

So  063 

10  056 

513     1    1966 

1995 

31450 

P00001 137*03441 

00002 

FLATHEAD  RIVER 

COLUMBIA  FALLS 

Preslressed  Concrele  Strmger'Grde' 

l  Monolilhic  Conaele 

4 

36  576 

146  132 

30  022 

3973 

1977 

0 

10090 

P00001 142*02631 

00002 

SO  FORK  FLATHEAD  R'VER 

HUNGRY  HORSE 

Slee  Continuous  G'rder-Floorbeam 

1  Monolilhic  Conaele 

7 

4'  757 

180  441 

8  869 

1430 

1938 

0 

6300 

P00001 353*08951 

00002 

SAGE  CREEK 

;.t  oford 

Concrele  Continuous  Tee  Bean- 

6  Bnummous 

4 

I  1  .'lr 

36  676 

9  662 

312 

1958 

0 

1050 

POO0O1376. 02951 

00OC2 

BIG  SANDY  CREEK 

5M  W  HAVRE 

Concrete  Continuous  Tee  Bearr 

0  None 

4 

17  678 

44  i 

9  448 

380 

1954 

0 

3140 

P00001 376*00911 

00002 

BN  RAILROAD 

3M  W  HAVRE 

Steel  Continuous  Slrmcer/Girder 

1  Monolilhic  Conaete 

5 

27  432 

95  402 

9  662 

614 

I960 

0 

3140 

P00001397*0772l 

00002 

MILK  RIVER 

6M  W  CHINOOK 

Slee'  Tnjss-Tnnj 

1  Monolithic  Conaete 

2 

36  576 

74  676 

7  772 

546 

1938 

0 

2450 

P00001401*07921 

00002 

DRAINAGE 

2MW  CHINOOK 

Wood  or  TimDer  Stringer/Girder 

6  Bituminous 

2 

5  791 

11  887 

9  174 

101 

1938 

0 

2450 

P00001413*06451 

03002 

FIFTEEN  MILE  CREEK 

1M  E  ZURICH 

Stee  Continuous  Slnnqer/Girder 

6  Bituminous 

2 

16  459 

33632 

9  784 

289 

1949 

0 

2010 

POOO0l425*O6901 

00002 

MAIN  IRRIGATION  CANAL 

HARLEM 

Conaele  Slab 

0  Bnummous 

1 

7  62 

7  62 

12  801 

93 

1968 

0 

3380 

P00001427*09'.91 

00002 

MILK  RIVER 

--ORT  BELNAP  AGt.NCt 

Preslressed  Concrete  StnngeoGiroer 

1  Monolithic  Conaete 

3 

21945 

65  227 

9  763 

561 

1964 

0 

3380 

P00001442.08001 

00002 

WHITE  BEAR  CREEK 

I1M  WDODSON 

Preslressed  Conaele  Stringer/Girder 

1  Monolithic  Concrete 

3 

13716 

41  757 

12  893 

509 

1993 

0 

1130 

P0000?000*00001 

00094 

INT  W  MILES  CITY-194 

3M  SW  MILES  CT* 

Sleel  SlnngeilGifder 

6  Bituminous 

4 

23  774 

P.l  Off 

9  083 

697 

1961 

0 

1370 

P0O002OO0-0B79H    00094 

BN  RAILROAC 

?M  SW  MILES  CIT* 

Sleel  Slrinoer/Gtroer 

6  Bituminous 

6 

•9  202 

94  792 

9  052 

809 

1954 

0        >     1370 

POOOO?002-02721|    00094 

TONGUE  RIVER 

MILES  CITY 

Sleel  Continuous  Gude-Floorbeam 

1  Monolilhic  Conaete 

3 

34  747 

91  44 

10  607 

613 

1934 

0        |    5300 

P00005000*0000ll    00093 

INT  DESMET  1-90 

5MNW  MISSOULA 

Preslressed  Conaete  Strrngef/Girdei 

3  Late*  Conaele'Sim. 

4 

29  3 

105  5 

B793 

927 

1966 

1995 

7980 

P0OOC5O61-0181l|    00093 

-■LATHEAD  RIVER 

POLSON 

Preslressed  Concrele  Sinnoer.G'rder 

1  Monolilhic  Concrele 

25 

18  897 

468  172 

11  734 

4281 

1566 

0 

7420 

P0000S116*O1831|    00093 

STILLWATER  RIVER 

2M  NW  KALISPELL 

Concrele  Tee  Beam 

s  Bttuminoui 

3 

15  849 

47  546 

10  18 

435 

1933 

195? 

6990 

PO00O51?8*OOS3l|    00093 

WHITEFISH  RIVER 

WHITEFISH 

Steel  Continuous  Strrnger.'Girde' 

6  Bilummous 

5 

19612 

65  836 

12  964 

602 

1937 

0 

7490 

P00006049*O34 1 1 ;    00200 

CLARK  FORK 

1M  W  THOMPSON  FALLS 

Sleel  Conlinjous  G'rder-FloorOeam 

1  Monolilhic  Conaele 

7 

60  96 

289  255 

9  022 

2469 

I960 

0 

2460 

POOO07O43-O666I:    00093 

BITTERROO' RIVER 

3M  S  HAMILTON 

Sleel  Conlmuous  StrmgeoGirder 

l  Monolithic  Concrete 

4 

25  298 

92049 

9B45 

786 

1549 

1973 

5430 

PO0007045*OO4?l|    00093 

SkalkahG  CREEK 

2M  S  HAMILTON 

\estressed  Concrele  Otonger/Gi'der 

1  Monolilhic  Concrete 

1 

25  298 

26  517 

29  077 

706 

1984 

0 

13510 

P00007048*O6l5l|    00093 

CORVALLIS  CANAL 

IMN  HAMILTON 

Preslressed  Concrele  Slnnger/Girder 

1  Monolilhic  Concrete 

1 

16  764 

17  373 

30  236 

46? 

I960 

0 

17100 

POO007049*0603l(     00093 

BITTERROOT  PioOP 

I'M  N  HAMIITON 

Steel  Continuous  injss-Tnnj 

1  Monoinhir  Concrete 

1 

53  644 

119481 

8  534 

874 

1940 

0 

17100 

P00007082*08731 

00093 

LOLO  CREEK 

LOLO 

Preslressed  Concrete  Stringer/Girder 

1  Monolithic  Concrete 

2 

i6  :es 

37  49 

13  868 

491 

1965 

0 

11570 

PO0O08O06*02301 

00012 

LITTLE  BLACKFOOT.  MRL 

5M  E  GARRISON 

Sleel  Continuous  Sirinqer/Girder 

1  Monolithic  Concrete 

9 

17  373 

140817 

8  961 

1202 

1956 

0 

2130 

P0000801 1*08791 

000  1 2 

LITTLE  BLACKFOOT  RIVER         llMWAVON 

Preslressed  Concrele  Slnnger/Girder 

1  MonolilMc  Conaete 

2 

7C  47  1 

35  965 

14  112 

475 

1982 

0 

2130 

P00008013+01941 

00012 

LITTLE  BLACKFOOT  RIVER          AVON 

Prestressed  Concrele  Slnnger/Gi'der 

1  Monolithic  Concrete 

2 

12  801 

26  041 

14  112 

370 

1982 

0 

2330 

=00006022*02651 

00012 

LITTLE  BLACKFOOT  PIVER 

IME  ELL1STON 

Pestressed  Concrete  Strinoe-rGi'der 

1  Monolilhic  Conaele 

1 

21  336 

21  945 

1?B93 

263 

1986 

0 

2330 

000008043*03051 

00012 

GREAT  NORTHEPNAREA 

LTNDALEAVE 

Prestressed  Concrete  Sinnoe'/Girder 

1  Mono  ilhic  Concrete 

5 

15  72 

62  7 

104 

652 

1962 

-1 

16770 

PO0OO8O43*03052 

00012 

GREAT  NORTHEPNAREA 

LYNDALE   AVE -HELENA 

Concrete  Tee  Beam 

0  None 

7 

13  716 

62  788 

12  405 

570 

1536 

0 

14640 

-irejre046*12211 

00012 

INT  CAPITOL-I  15                            IHELENA 

Steel  Stringer/Girder 

1  Mono'ilhic  Concrele 

4 

23  164 

80  467 

9  69? 

667 

1961 

0 

13310 

P0O008O46«12212 

00012 

INT  CAPITOL-I  15                            'HELENA 

Steel  Slnnoei'G  rde' 

l  Monolilhic  Concrele 

4 

23.164 

60467 

9  662 

687 

1561 

0 

1321 

POOO06O47-09781 

00012 

MONTANA  RAIL  LINK                     !3M  E  HELENA 

Preslressed  Concrele  Slnnger/Girder 

1  Mono  ilhic  Concrete 

3 

32  918 

84  124 

30  083 

2303 

1978 

0 

1865  I 

P0OO08O49*03341 

00012 

PRICKLY  PEAR  CREEK                  EAST  HELENA 

P-estressed  Concre'e  Slnnger/Girder 

1  Monolithic  Concrete 

1 

22  86 

23  469 

28  712 

655 

1978 

0 

HOST 

POOO1OOO3*05341 

00087 

MISSOURI  RIVER 

GREAT  FALLS 

Sleel  Continuous  Girder-Floorbeam 

1  Monolithic  Concrete 

9 

56  388 

..4  3  SCO 

20  462 

5863 

1962 

1982 

14733 

P00010C6S*07?81 

00087 

BOXELDER  CREEK 

BOA  ELDER 

Preslressed  Concrete  SUinger/Gifdei 

l  Monolithic  Conaete 

1 

21  336 

21  945 

13  898 

288 

1969 

0 

1560 

POO010107»033?l 

00087 

REAVER  CREEK 

2M  SW  HAVRE 

Prestressed  Corrrete  Slrmger/Giider 

6  Bituminous 

2 

18  592 

37  185 

1 2.801 

449 

1966 

0 

2350 

POO01427O»03311 

00012 

YELLOWSTONE  RIVER 

FORSYTH 

Steel  Continuous  Gi'der  Floorbeam 

1  Monolithic  Concrete 

8 

55  776 

251  46 

9  052 

2146 

1958 

0 

1040 

P00014270*0503; 

00012 

BN  RAILROAD 

FORSYTH 

Prestressed  Conaete  Slnnqer/Girder 

1  Monolilhic  Concrele 

3 

32  308 

71  018 

14  02 

942 

1977 

0 

1040 

POOO1427O*08861 

00012 

INT  WEST  FORSYTH  1  94 

FORSYTH 

Preslressed  Conaete  Slnnoer/Giroer 

1  Monolithic  Concrele 

4 

26  517 

78  333 

14  02 

1039 

1977 

0 

1040 

POO016G0W0O921 

00059 

YELLOWSTONE  RIVER 

MILESCITY 

Steel  Continuous  Gi'der-Floorbeam 

1  Monolithic  Concrele 

7 

'A  804 

295  96 

9  052 

2526 

1957 

0 

2090 

P00020CSW06421 

00016 

LONE  TREE  CREEK 

2IC/NF2  • 

Conaele  Conlmuous  SI3D 

1  Monolilhic  Concrele 

4 

7  62 

27  432 

28  956 

694 

1974 

0 

12430 

POOO2OO6O*OO061 

O0200 

SECOND  HAY  CREEK                   I2M  SW  FAIRVIEW 

See'  Culverl 

6  Bilummous 

1 

7  01 

8  839 

0 

-1 

1986 

0 

3170 

P0002 3060*05591 

Oil.'  1  2 

POWDER  RIVER 

1MSE  BROAOUS 

5'eel  Continuous  Stringer/Girder 

1  Monolithic  Concrele 

4 

52  425 

188976 

12  893 

2264 

1985           0 

17CC 

P00023C60»05591 

00212 

PCWOER  R'VER 

1M  SE  BROAOUS 

Sleel  Continuous  Strtnger/Girder 

1  Monolithic  Concre'e 

4 

-:  4: it 

158  97'! 

12.893 

2264 

1985 

0 

1700 

"-00022066*06501 

00212 

LITTLE  POWDER  RIVER 

7M  SE  BROADUS 

Sleel  Conlmuous  Slitnqer/Girder 

1  Monolilhic  Conaele 

3 

26  212 

37  49 

14  569 

503 

1976 

0 

990 

POO023066»08501 

00212 

I   TTLE  POWDER  RIVER 

7M  SE  BROADUS 

Steel  COnUnuOUS  Stnnger/Gtrder 

1  Monolilhic  Concrete 

1 

26  212 

37  49 

14  569 

503 

1976 

0 

990 

POOO26OO1.0234'. 

00023 

YELLOWSTONE  RIVER 

2M  S  SIDNEY 

".'eel  Continuous  Slrmiier/Girder 

■  Moooliiinc  S  crere'e- 

S 

73  152 

335  689 

12  893 

4095 

1994 

0 

1330 

POO0260O1*O234' 

0OO23 

YELLOWSTONE  FIVER 

2M  S  SIDNEY 

Sleel  Continuous  SlrmQer/Girder 

i  Monolithic  Conaete 

5 

73  152 

335  869 

12  893 

4095 

1994 

0 

1330 

P00043000»0085l 

00191 

BIG  SPRING  CREEK 

LEWISTOWN 

Concrele  Sial 

6  Bituminous 

1 

10  363 

1 .'  36  • 

21  336 

158 

1960 

0 

8550 

P0OO43000+06901 

00191 

BIG  SPRING  CREEK 

LEWISTOWN 

Presl'essed  Conaele  Slnnger/Girder 

1  Monolilhic  Concrele 

1 

12  192 

1?  19? 

19  507 

186 

1976 

0 

5640 

P0OO52031*00211 

00035 

SWAN  RIVER 

BIG  FORK 

Sleel  Continuous  Stnnqer/Girder 

1  Monolilhic  Ccncrele 

4 

26  651 

57  050 

10  119 

572 

1954 

0 

6370 

P00052049*01981 

00035 

FLATHEAD  RIVER 

2M  E  KALISPELL 

Sleel  Continuous  Stringer/Gilder 

1  Monolithic  Concrete 

4 

71018 

268  833 

14  721 

3220 

1994 

0 

814'. 

P0OO52050+04671 

0O035 

SPRING  CREEK 

1M  E  KALISPELL 

-'restressec  Concrete  Stnnqer/Girder 

1  Monolilhic  Conaete 

2 

14  02 

28  346 

14  o: 

372 

1966 

0 

13800 

POOOc7OM*098h' 

00087 

BIG  SPRING  CREEK 

LEWISTOWN 

Concrele  Tee  Beam 

6  Brlumrnr  us 

1 

6  534 

9  144 

74    .1114 

156 

1962 

0 

0322 

P0OO57O82*02191 

00087 

MILL  DITCH 

LEWISTOWN 

Concrele  Tee  Beam                              (6  Bituminous 

t 

7  62 

762 

23  164 

125 

'922 

0 

'**  7. 

P00057326*0093l 

00094 

DRY  CREEK 

GLENDIVE 

Soncrete  Cnnnnunus  Tee  Beam 

0  None 

4 

13716 

36576 

9  631 

318 

1569 

0 

10300 

P00D5  7326-00932 

00094    IdRY  CREEK 

GLENDIVE 

Soncrele  Continuous  Tee  Beam 

J  None 

4 

13716 

36  576 

9  631 

318 

1959 

0 

10300 

P00057327*C3371 

00054 

•El.OWETONE  RIvER 

GLENDIVE 

Steel  Continuous  Girder-Flooroeam 

6  Bituminous 

8 

55  778 

40'  720 

11  033 

3426        1958 

0 

74B0 

PO00G0094*08281 

oooe  : 

MISSOURI  RV  U5205.  BNRR 

GREAT  FALLS 

aleel  Conlmuous  Smnger/Girder 

'  Monolilhic  Concrele 

20 

55  388 

646  785 

15  758 

7826 

1983 

0 

35880 

P00060094 -08282 

0006  7 

MiSSOURi  RV   US20S    BNRR 

GREAT  FALLS 

steel  Conlmuous  Girder- Fiooroeam 

1  Monolithic  Conaele 

27 

56  388 

637  546 

10911 

6444 

1951 

1583 

35680 

P00052036*06701 

00016 

USRS  CANAL 

SIDNEY 

Arood  or  Timber  Slnnger/Girder 

6  Bituminous 

3 

7  62 

?:  9-; 

9  204 

203 

1937 

0 

9350 

pooo57ooo«ooeei 

00067 

FRONT  ST.  BN  RAILROAD 

SHELBY 

..teel  Contmucus  StnnQer/Gircer 

1  Monolithic  Concrele 

5 

25  603 

102  106 

10  21 

744 

'938 

0 

3810 

P00082005*05831 

0008? 

FLATHEAD  RIVER 

"■"  'Til    R'O-  FORK 

steel  Continuous  Girder-FlocrDeam 

1  Monol.thic  Concrpte 

6 

54  664 

209  092 

8  93 

1530 

1955 

0 

42, 

P0009SO0O+O9741 

00094 

UPPER  SEVEN  MILE  CREEK 

1MSW  GLENDIVE 

Soncrele  Conlmuous  Tee  Beam 

6  Bilummous 

4 

13716 

36  576 

S3-631 

318 

1959 

0 

2380 

P000360OO* 09742 

00094 

UPPER  SEVEN  MILE  CREEK 

1M  SW  GLENDIVE 

Soncrete  Continuous  Tee  Beam 

5  Bituminous 

4 

13716 

36  576 

S631 

318 

1959 

0 

2380 

SOO23BOOO-O0271 

00?38 

MILL  DITCH 

LEWISTOWN 

Soncrele  Slab 

1  Monolith, c  Concrele 

.' 

7  62 

14  535 

11  887 

173 

1958 

0 

2550 

S005310D5*C4001 

005 3 1 

BITTERROOT  RIVER 

WEST  HAMILTON 

Prestressed  Concrete  Slnnger/G  rder 

1  Monolithic  Concrele 

A 

31  085 

91  44 

14081 

1115 

1968 

0 

4340 

U01807003*09761 

01807 

SEPI 15 

BUTTE 

Steel  Stnnger/Grder 

1  voncl-irvr  Ccm  ete 

A 

23774 

81  076 

10S72 

692 

1963 

0 

6820 

U05201000»01031 

05?01 

SUN  RIVER 

GREAT  FALLS 

Prestressed  Conaete  Ltr  r  ceriG  rder 

1  Monolithc  Concrete 

4 

38  1 

154  228 

33  223 

4207 

1980 

0 

13320 

U052050OO*O468 1 

05205 

BN  RAILROAD 

GREAT  FALLS 

Soncrete  Tee  Beam 

3  None 

3 

1 1  582 

33  526 

7  62 

225 

19>4 

0 

6150 

U052100OO*(inr01 

C5210 

NT  CENTRAL  AVE  W    I  15 

GPEAT  FALLS 

Prestressed  Concrete  SI-nger/Girder 

1  Monol'tnic  Conaete 

4 

21  336 

80  467 

8  !' 

1864 

1567 

0 

11250 

U05210000+01601 

0521C 

CITY  ST.  BN  RAILROAD 

GREAT  FALLS 

Steel  Continuous  S'.nncer/Gtrder 

1  Monolithic  Conaele 

6 

45  11 

167  944 

10607 

1433 

1907 

0 

11250 

U05210000»01602 

05210 

CITY  ST.  BN  RAILROAD 

GREAT  FALLS 

sieei  continuous  Stringer/Girder 

i  Monci'ihic  Conaete 

6 

45  11 

167  944 

10  607 

1433 

1967 

0 

11250 

U0521O301-O4961 

05210 

JIISSOURI  RV   PEDTRAIL 

GREAT  FALLS 

'restressed  Conaete  SinnqeoG  rde' 

1  Monolithic  Conaete 

8 

39  624 

293  827 

27  IS- 

6090 

I960 

0 

26320 

U05710003*02421 

0S710 

EN  RAILROAD 

HAVRE 

-leel  Slnnqer.Giroer 

1  Monolithic  Conaete 

30 

2346S 

252  374 

IS  122 

3385 

1936 

1986 

3560 

U05710000*03821 

057 10 

MILK  RIVER 

HAVRE 

Preslressed  Conaele  Slriroer'Grde- 

1  Mcnolithic  Conaele 

4 

22  86 

92  049 

15  5! 

1234 

1973 

0             3560 

U05802002*04741 

05802 

SEPI 15 

HELENA 

Jreslressed  C  dnaele  Stnnqer/Grder 

1  Mcnclrtnic  Conaete 

4 

18  552 

65  636 

S  166 

462 

1962 

0         1    7720 

U05807000*06441 

05807    MONTANA  RAIL  LINK 

HELENA 

Soncrete  Tee  Beam 

j  Bituminous 

3 

8534 

25  506 

12374 

221 

1934 

0         1  16310 

1305807000*07711 

05807    [MONTANA  RAIL  LINK 

HELENA 

Soncrele  Tee  Beam 

5  Bilummous 

3 

12  192 

36  576 

1231? 

312 

1934 

0         |   16310 

U05807001»08231 

05607    ||NT  CEDAR  ST  1  15 

HELENA 

Steel  Slrmger/Giroer 

1  Monolithic  Conaete 

4 

2225 

74  371 

10  302     !      635      |    1962 

0         1   17040 

1  MgClonly-FINAL-1  xls 
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